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ABSTRACT 
Degradation of concrete members exposed to sulphuric acid environments is a key 
durability issue that affects the life cycle performance and maintenance costs of civil 
infrastructures. Groundwater, chemical waste, sulphur bearing compounds in 
backfill, acid rain in industrial zones and biogenic acid in sewage systems are the 
main sources of sulphuric acid affecting concrete structures.  
In this research, as part of an ongoing research on development of novel concretes 
for special applications, an acid resistant mortar (ARM) with current applications in 
lining and repair purposes was converted to acid resistant concrete in the laboratory 
and investigated for structural applications in acidic environments. Mechanical 
properties of the initial acid resistant mortar material, this novel acid resistant 
concrete (ARC) and a type of conventional concrete (CC), as the control, have been 
studied in the laboratory subjected to an accelerated test, 7% (by volume) sulphuric 
acid. The studied mechanical properties included compressive strength, modulus of 
elasticity (MOE), modulus of rupture (MOR) and indirect tensile strength tests. Apart 
from acid resistance experiments, other important properties for a structural concrete 
such as drying shrinkage and concrete performance subjected to high rate strain loads 
and elevated temperatures were also evaluated for ARC and CC. 
Structural performance of reinforced concrete (RC) flexural members made of this 
new concrete (ARC) and CC was assessed before and after different periods of 
continuous immersion in 7% sulphuric acid solution through static and cyclic loading 
under four-point bending tests to detect the effects of acid attack on structural 
performance of RC beams. Load- deflection behaviour, curvature- moment resistance 
at mid span, ultimate load capacity, ductility factor, stiffness degradation, dissipated 
energy and damping ratio were the main variables studied in these experiments. 
Application of ARC in beam-column joints, as another application for this concrete 
was also investigated due to possessing higher ductility than conventional concrete in 
mechanical properties tests aiming at reduction of transverse reinforcing bars in such 
members and the potential for seismic applications. Structural elements (i.e., beams 
and joints) were also modelled by using FE software ATENA to analyse the 
experimental results numerically.  
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Microstructural characterisation was also performed on ARC and CC samples before 
and after acid exposure using scanning electron microscopy (SEM), energy 
dispersive X-ray spectroscopy (EDS), X-ray mapping (XRM) and X-ray diffraction 
(XRD) to gain a better understanding regarding the change of microstructure of 
materials after exposure to acid.  
ARC showed superior performance than CC after exposure to acid in terms of loss of 
mechanical properties. Structural performance of ARC has been comparable to CC 
before exposure to acid and after a long period of exposure to acid it showed better 
performance than CC, particularly in terms of load bearing capacity. The application 
of ARC in beam-column joints allowed reducing transverse reinforcing bars in these 
joints (50% compared to CC). Microstructural characterisation also revealed 
significant facts regarding the deterioration mechanism in both types of concretes 
and their effect on mechanical properties. 
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 Introduction 
1.1. Overview and Significance 
Concrete is the most important building material worldwide by far (Meyer 2009) but 
despite its many advantages is vulnerable to sulphuric acid attack due to high-
calcium compounds in Portland cement. The components of the cement paste break 
down during contact with acids, most pronounced being the dissolution of calcium 
hydroxide. Acid attack on concrete has not traditionally attracted much attention, 
even when cement composites are severely damaged by acids wherein calcium 
hydroxide is dissolved and the hydrated silicate and aluminum phases are 
decomposed, and the concrete loses its strength and deteriorates quickly (Ariffin et 
al. 2013). 
 Sulphuric acid in ground water, chemical wastes or generated by pyrite in backfill, 
swage systems (biogenic sulphuric acid), acid rain in industrial zones (where 
sulphuric acid is a chief component) can attack substructure concrete members and 
cause durability issues by degradation of concrete, imposing high cost of repair and 
maintenance. Hence, acid resistance is one of the required properties for a durable 
structural concrete used in these applications (Bakharev, Sanjayan & Cheng 2002; 
Bassuoni & Nehdi 2007).  
Moreover, worldwide, more than 10 billion tonnes of concrete is produced each year. 
It is known that the production of each tonne of Portland cement releases almost one 
tonne of carbon dioxide into the atmosphere. To move toward sustainable and green 
concrete the amount of Portland cement should reduce to the minimum possible by 
replacing as much Portland cement as possible by supplementary cementitious 
materials, especially those that are by-products of industrial processes (Meyer 2009). 
Numerous research works have been carried out to date in order to increase the 
chemical resistance of concrete by changing the mix design, aggregate type, use of 
polymer admixtures, and mainly replacement of OPC by supplementary cementitious 
materials (SCMs) (Girardi & Maggio 2011; Girardi, Vaona & Di Maggio 2010; Li, G 
et al. 2009). Alkali activated and geopolymer concretes have also shown better 
performance in aggressive environments (Bakharev, Sanjayan & Cheng 2001; Sata, 
Sathonsaowaphak & Chindaprasirt 2012).  
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However, high cost, especial curing conditions, uncertainty of structural performance 
and so on have raised the need for further research in this area to develop reliable and 
sustainable acid resistant concretes for structural applications.  
Structural performance of reinforced concrete elements due to degradation of 
concrete in acidic environments has not been extensively investigated in previous 
research works. The focus of this limited number of research works has mainly been 
on reinforcement corrosion rather than concrete degradation.  
This research is a part of the ongoing research works in the area of development and 
investigation of sustainable acid resistant concretes for structural applications in 
highly acidic environments. 
For this purpose, material properties and structural performance of numerous 
samples cast by conventional concrete and the novel material, in the same conditions 
in terms of immersion in acid solution, type of element, geometry and reinforcement 
configuration have been studied. The results of experimental tests were examined 
and compared to assess efficiency and suitability of this novel material as a practical 
solution.      
1.2. Research Objective and Plan 
The main objectives of this research is to convert a commercially available acid 
resistant mortar, with the current application in lining and repair purposes, to a 
structural concrete and to investigate mechanical and structural properties of both 
types of concretes (conventional and novel concretes) experimentally.  
Furthermore, it should be mentioned that apart from acid resistance investigations, 
due to observing higher residential tensile strength and energy absorption by Acid 
Resistant Concrete (ARC) elements in flexural tensile strength tests, compared to 
conventional concrete (CC), another structural application of this new concrete in 
beam-column joints was also evaluated for possible seismic applications, by carrying 
out experiments for this type of structural element made of CC and ARC. 
To achieve the above aims in this research three main stages were designed and 
followed;  
In the first stage, more than 500 samples (different sizes and shapes) were fabricated, 
by use of conventional concrete, acid resistant mortar material and acid resistant 
concrete, and tested to assess mechanical properties of specimens before and after 
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different periods of continuous immersion in 7% sulphuric acid by volume (12.8% 
by weight) solution as accelerated test in laboratory.  
The evaluated mechanical properties included compressive strength, modulus of 
elasticity (MOE), modulus of rupture (MOR) and indirect tensile strength tests. Other 
quantitative and qualitative investigations were also performed on specimens after 
exposure to acid such as toughness and mass loss measurement.  
Apart from acid resistance investigations, drying shrinkage, high strain rate 
behaviour and performance of ARC and CC subjected to elevated temperatures were 
also investigated in this phase.  
The second stage is related to structural experiments made of this novel concrete 
(ARC) and CC. In total, sixteen reinforced ARC and CC (as reference) beams 
(flexural member) were built and then exposed to different periods of continuous 
immersion in 7 % acid solution. Afterwards, the specimens were tested 
statically/cyclically under four point load tests to investigate structural performance 
of the members before and after exposure to acid solution.  
Load versus deflection behaviour, curvature versus moment resistance at mid-span, 
peak load capacity, ductility factor, stiffness degradation, dissipated energy and 
damping ratio were the main variables extracted, calculated and compared using 
experimental results.  
Moreover, due to promising behaviour of ARC in mechanical properties tests, an 
innovative application of ARC materials in beam-column joint elements was also 
investigated experimentally to provide a benchmark for further studies in future, 
particularly its potential in seismic applications. Furthermore, these structural 
elements (i.e., beams and joints) were modelled numerically by using finite element 
software to analyse their behaviour and verify the numerical models by experimental 
results.  
At the final stage of this research, microstructural characterisation including scanning 
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), X-ray 
mapping (XRM) and X-ray diffraction (XRD) were performed on ARC and CC 
samples before and after acid exposure to find changes in microstructure after 
exposure of concretes to acid and detecting the deterioration mechanism. It was also 
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aimed to study the effect of changes in microstructure on changes of mechanical 
properties after exposure to acid. 
1.3. Research Scope 
 The scope of this project is to perform a comparative study between this new 
concrete (ARC) and conventional concrete (CC) subjected to accelerated tests 
and prediction of time of corrosion in real field is out of the scope of this project. 
 This research deals with studying just one variation of ARC in structural 
applications and finding the optimum mix design for ARC is out of the scope of 
this research.  
 Degradation of cement paste in concrete is of concern in this research and 
corrosion of reinforcing bars and degradation of aggregates is out of the scope. 
 In this research, effect of sulphuric acid has been investigated on ARC and CC 
and effect of other types of acid has been out of the scope of this research. 
1.4. Thesis Layout 
This thesis is divided into seven main chapters as follows; 
  Chapter 1 provides an introduction to the problem at hand in addition to some 
background information regarding acid attack on concrete, applications of acid 
resistant concrete, research objectives and arrangement of thesis chapters.  
 Chapter 2 presents a comprehensive review on hydration products and 
microstructure of concrete, sulphuric acid attack on concrete and previous 
attempts to increase acid resistance properties of concrete. A review is also 
provided on structural tests on reinforced concrete elements, concrete subjected 
to elevated temperature and subjected to high strain loads as these characteristics 
of concrete have been investigated in this research. 
 Chapter 3 discusses the experimental program, testing methods and test results of 
mechanical properties tests for the initial material (ARM), the new acid resistant 
concrete (ARC) and conventional concrete (CC) before and after different 
periods of continuous exposure to 7% sulphuric acid. Experimental tests of ARC 
and CC concretes subjected to elevated temperatures and high strain loading 
(impact) are also discussed at the end of this chapter. 
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 In Chapter 4, structural tests including four-point monotonic and four-point 
cyclic flexural tests on reinforced CC and ARC beams before and after 
continuous exposure of beam specimens to 7 % sulphuric acid are discussed in 
detail.  In addition, experimental tests of reinforced CC and ARC beam-column 
joints subjected to cyclic loading, as another application of ARC are also 
discussed. 
 Chapter 5 is dedicated to the finite element modelling and analysis of the 
concrete beams and beam-column joints which have previously been tested. For 
this purpose, ATENA finite element software, mainly developed for concrete 
structures is employed. The results of FE analysis are compared with those of 
experimental studies (from Chapter 4) to evaluate and validate the FE modelling 
for ARC beams and beam-column joints. 
 Chapter 6 discusses the microstructural characterisation of CC and ARC 
concretes before and after exposure to acid and mechanism(s) of acid attack in 
both materials.  
Finally, summary and conclusions as well as suggested future works (e.g. areas of 
research outside the current scope of works) are presented in Chapter 7, followed by 
the references in Chapter 8. 
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 Literature Review 
2.1. Introduction 
Concrete, the most widely used construction material today, has a complex structure. 
The properties of plain concrete mainly depend upon the hydration products of 
cement. The chemistry of hydration products, pore structure and mechanical 
properties of hardened concrete are significantly affected by the environmental 
conditions to which the concrete is exposed during its service life (Atahan & Dikme 
2011). Degradation of concrete members exposed to aggressive sulphuric acid 
environments is a key durability issue that affects the life cycle performance and 
maintenance cost of vital civil infrastructures (Bassuoni & Nehdi 2007). Sulphuric 
acid in groundwater, chemical waste (Fattuhi & Hughes 1988) or generated from the 
oxidation of sulphur bearing compounds (e.g. pyrite) in backfill can attack 
substructure concrete members (Hobbs & Taylor 2000). Furthermore, concrete 
structures in industrial zones are susceptible to deterioration due to acid rain of which 
sulphuric acid is a chief component (Fattuhi & Hughes 1988). Considerable damage 
can also occur to sewage systems by biogenic sulphuric acid corrosion (Yamanaka et 
al. 2002). 
This chapter includes a brief review on some basic concepts about normal concrete 
including the cement compounds and hydration products, supplementary 
cementitious materials, microstructure of normal concrete and concrete with 
Pozzolans and fiber reinforced concrete. It is followed by previous research on 
sulphuric acid attack on concrete and affecting factors on acid resistance of 
concretes. Then, a quick review is presented about the performance of concrete 
subjected to high elevated temperatures and load impact in previous research. This 
chapter is concluded by a brief explanation regarding the common structural tests to 
investigate the flexural strength of RC beams and study the behavior of reinforced 
concrete beam-column joints. 
2.2. Portland Cement Compounds  
Portland cement is produced by pulverizing a clinker with a small amount of calcium 
sulphate, the clinker being a heterogeneous mixture of several compounds produced 
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by high-temperature reactions between calcium oxide and silica, alumina, and iron 
oxide. The chemical composition of the principal clinker compounds corresponds 
approximately to C3S(alite), C2S(belite), C3A, and C4AF (Mehta & Monteiro 2005). 
Table 2.1 shows the summary of the ordinary cement components (Neville 1996). 
Table 2.1 Main compounds of Portland cements (Neville 1996) 
Name of Compound Oxide Composition Abbreviation 
Tricalcium silicate 3CaO.SiO2 C3S 
Dicalcium silicate 2CaO.SiO2 C2S 
Tricalcium aluminate 3CaO.Al2O3 C3A 
Tetracalcium aluminoferrite 4CaO.Al2O3.Fe2O3 C4AF 
The calculation of the potential composition of Portland cement is based on the work 
of R. H. Bogue and others and is often referred to as ' Bogue composition'.  Bogue's 
equations for the percentages of main compounds in cement are given below. The 
terms in brackets represent the percentage of the given oxide in the total mass of 
cement (Neville 1996). 
C3S= 4.07(CaO)-7.60(SiO2)-6.72(Al2O3)-1.43(Fe2O3)-2.85(SO3) 
(2-1) 
 
C2S=2.87(SiO2)-0.75(3CaO.SiO2) 
C3A=2.65(Al2O3)-1.69(Fe2O3) 
C4AF=3.04(Fe2O3) 
A general idea of the composition of cement can be obtained from Table 2.2, which 
gives the oxide composition limits of Pordand cernents (Neville 1996). Table 2.3 
shows the oxide composition of a typical cement of the 1960s, and Table 2.4 gives 
the calculated compound compositions obtained by means of Bogue's equations 
(Equation (2-1). 
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Table 2.2 Composition of Portland cement (Neville 1996) 
Oxide Content, per cent 
CaO 60-67 
SiO2 17-25 
Al2O3 3-8 
Fe2O3 0.5-6.0 
MgO 0.5-4.0 
Alkalis (as Na2O) 0.3-1.2 
SO3 2.0-3.5 
Table 2.3 Oxide Compositions of a Typical Portland cement of the 1960s (Neville 1996) 
CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O, Na2O Others 
63% 20% 6% 3% 1.1/2% 2% 1% 1% 
Table 2.4 Compound compositions of a Typical Portland cement of the 1960s (Neville 1996) 
Calculated compound composition, using formula of Equation (2-1) 
C3A 10.8% 
C3S 54.1% 
C2S 16.6% 
C4AF 9.1% 
2.3. Portland Cement Hydration Products  
Within a few minutes of cement hydration (i.e., from chemical reactions between 
cement minerals and water), the needle-shaped crystals of calcium 
trisulphoaluminate hydrate, called ettringite, first make their appearance as a result of 
interaction between calcium, sulphate, aluminate, and hydroxyl ions. A few hours 
later, large prismatic crystals of calcium hydroxide and very small fibrous crystals of 
calcium silicate hydrates begin to fill the empty space formerly occupied by water 
and the dissolving cement particles.  
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After some days, depending on the alumina-to-sulphate ratio of the Portland cement, 
ettringite may become unstable and will decompose to form monosulphoaluminate 
hydrate, which has a hexagonal-plate morphology (Mehta & Monteiro 2005).  
Figure 2.1 shows a model of a well-hydrated Portland cement and Table 2.5  includes 
the main hydration reactions of Portland cement. In this figure, “A” represents poorly 
crystalline C-S-H particles, “H” represents hexagonal crystalline products such as 
H==C4AH19==C4ASH18 and “C” represents capillary cavities or voids. 
 
Figure 2.1 Model of a well-hydrated Portland cement paste (Mehta & Monteiro 2005) 
 
Table 2.5 Main hydration reactions of Portland cement (Montes 2010) 
Alite reaction  (Main) 2C3S + 6H                  C3S2H3 + 3CH 
Belite Reaction(Long term) 2C2S + 6H               C3S2H3 + CH 
Calcium Ferro aluminate 
Reaction 
 
C3A + 3CSH2 + 26H                  C6AS3H32, 
which in the absence of gypsum reverts to: 
2C3A + C6AS3H32 + 4H                3C4ASH12 
Calcium Aluminate  
Reaction 
C4AF + 3CSH2 + 21H                C6(A,F)S3H32 + (A,F)H3 
which in the absence of gypsum reverts to: 
C4AF + C6(A,F)S3H32 + 7H                 C4(A,F)SH12 + (A,F)H3 
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The types, amounts, and characteristics of the four principal solid phases in the 
hydrated cement paste that can be resolved by an electron microscope are as follows:  
 Calcium Silicate Hydrate (C-S-H) 
The calcium silicate hydrate phase, abbreviated as C-S-H, makes up 50 to 60 percent 
of the volume of solids in a completely hydrated Portland cement paste and is, 
therefore, the most important phase determining the properties of the paste. The C/S 
ratio varies between 1.5 and 2.0. The morphology of C-S-H varies from poorly 
crystalline fibers to reticular network. Due to their colloidal dimensions and a 
tendency to cluster, C-S-H crystals could only be resolved with the advent of 
electron microscopy. C-S-H particles have at least one colloidal dimension (1 to 100 
nm). As shown in Figure 2.2, C-S-H crystals are poorly crystalline and show a 
fibrous morphology.  In older literature, the material is often referred to as C-S-H 
gel.  
The chemical composition of the calcium silicate hydrates in hydrating Portland 
cement pastes varies with the water-cement ratio, temperature, and age of hydration. 
Hence, it has become rather customary to refer to these hydrates simply as C-S-H, a 
notation that does not imply a fixed chemical composition. On complete hydration, 
the approximate composition of the material may be assumed as C3S2H3; this 
composition is therefore used for stoichiometric calculations. The stoichiometric 
reactions for fully hydrated C3S and C2S pastes can, therefore, be expressed as 
equations below; 
 
Figure 2.2 SEM of C-S-H (Mehta & Monteiro 2005) 
Literature Review   S.Salek
   
    
- 13 - 
 Calcium Hydroxide 
Calcium hydroxide crystals (also called Portlandite) constitute 20 to 25 percent of the 
volume of solids in the hydrated paste. In contrast to the C-S-H, calcium hydroxide is 
a compound with a definite stoichiometry, Ca(OH)2. It tends to form large crystals 
with distinctive hexagonal-prism morphology.  The morphology usually varies from 
nondescript to stacks of large plates, and is affected by the available space, 
temperature of hydration, and impurities present in the system. Compared with C-S-
H, the strength-contributing potential of calcium hydroxide is limited as a result of 
considerably lower surface area. SEM images of CH crystals are shown in Figure 
2.3. 
  
(a) (b) 
Figure 2.3  SEM of Calcium hydroxide crystals (Mehta & Monteiro 2005) 
 
 Calcium Sulphoaluminates Hydrates 
Calcium sulphoaluminate hydrates occupy 15 to 20 percent of the solid volume in the 
hydrated paste and, therefore, play only a minor role in the microstructure-property 
relationships. It has already been stated that during the early stages of hydration the 
sulphate/alumina ionic ratio of the solution phase generally favours the formation of 
trisulphate hydrate, C6AS3 − H32, also called ettringite, which forms needle-shaped 
prismatic crystals.  
In pastes of ordinary Portland cement, ettringite eventually transforms to the 
monosulphate hydrate, C4AS−H18, which forms hexagonal-plate crystals. The 
presence of the monosulphate hydrate in Portland cement concrete makes the 
concrete vulnerable to sulphate attack. It should be noted that both ettringite and the 
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monosulphate (shown in Figure 2.4) contain small amounts of iron, which can 
substitute for the aluminum ions in the crystal structure. 
 
Figure 2.4 SEM of typical hexagonal crystals of monosulphate hydrate and needle like crystals   
of ettringite (Mehta & Monteiro 2005) 
 Unhydrated Clinker Grains 
Depending on the particle size distribution of the anhydrous cement and the degree 
of hydration, some unhydrated clinker grains may be found in the microstructure of 
hydrated cement pastes, even long after hydration.  
Hydration product formation has different rate in Portland cement. Mehta has shown 
this rate in Figure 2.5 below. As shown, ettringite will not be available after about 70 
days of hydration in normal concrete.  
 
Figure 2.5 Typical rates of hydration products rate in an ordinary cement paste (Mehta & 
Monteiro 2005) 
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2.4. Supplementary Cementitious Materials (SCMs) 
The use of supplementary cementitious materials (SCMs) such as fly ash, silica 
fume,  ground granulated blast-furnace slag (GGBS) and metakaolin, as part of 
binders for concrete has been increasing throughout the world. This trend is firstly, 
due to their ability to enhance the properties of concrete through their filler effect and 
pozzolanic reactions. In addition, most of the SCMs are by-product materials; thus, 
their inclusion somehow contributes to sustainable and economic concrete 
construction (Aïtcin 2011; Mehta & Monteiro 2005). 
Pozzolana is a siliceous or siliceous and aluminous material which in itself possesses 
little or no cementitious value but will, in finely divided form and in the presence of 
moisture, chemically react with calcium hydroxide at ordinary temperatures to form 
compounds possessing cementitious properties (ASTM 618). 
Pozzolanic admixtures such as fly ash react with calcium hydroxide to form a 
reaction product that is similar in composition and properties to C-S-H. The 
pozzolanic reaction is also accompanied by a reduction in the total volume and size 
of capillary pores—an effect that is equally important for the enhancement of 
strength (Demir & Serhat Baspinar 2008; Ma & Brown 1997; Ma et al. 1995; 
Malhotra, V & Mehta 1996; Monteny et al. 2001). 
C3S + H                   C – S – H + CH 
(2-2) 
(Mehta & Monteiro 2005) 
Pozzolan + CH + H                  C – S – H 
 
The reaction between a pozzolan and calcium hydroxide is called the pozzolanic 
reaction. Three features of the pozzolanic reactions include: First, the reaction is 
slow; therefore, the rates of heat liberation and strength development will be 
accordingly slow. Second, the reaction is lime-consuming instead of lime producing, 
which has an important bearing on the durability of the hydrated paste in acidic 
environments. Third, pore size distribution studies have shown that the reaction 
products are very efficient in filling up capillary spaces, thus improving the strength 
and impermeability of the system. Several standards have provided information and 
guidelines regarding the use of SCMs in concrete. BS EN 197-1 (BSI, 2011), BS EN 
Fast 
Slow 
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450-1 (BSI, 2012), ASTM C618 (ASTM, 2012c) and AS 3582 (AS, 1998a) could be 
named among them.  
 Fly Ash (FA)  
Fly ash (FA), known also as pulverized-fuel ash, is the most prolifically utilised 
pozzolanic SCM for PC-based construction products (Chindaprasirt, Chareerat & 
Sirivivatnanon 2007; Siddique 2004; Vessalas 2009). FA is the ash precipitated 
electrostatically or mechanically from the exhaust gases of coal-fired power stations 
(Neville 1996). It consists of four major oxides: silica (SiO2), alumina (Al2O3), iron 
oxide (Fe2O3) and calcium oxide (CaO). Silica usually varies from 40 to 60% and 
alumina from 20 to 30%. The iron content varies quite widely (Noushini, Babaee & 
Castel 2015). According to ASTM C618 (ASTM, 2012c), there are two types of FA 
which are categorised as class F and class C. Both the class C and class F FAs 
contain a reasonable amount of reactive silica and alumina. In class F FA (or low-
calcium FA), the total amount of silica, alumina and iron oxide is more than 70%, 
whereas in class C FA (or high-calcium FA) it is between 50 and 70%. The FA 
particles are spherical (which is advantageous from the water requirement point of 
view) and the vast majority of its particles have a diameter between less than 1μm 
and 100 μm (Neville 1996). 
It has been reported that FA improves the rheological properties and workability of 
concrete due to its spherically shaped particles and fineness (Neville 1996). It also 
increases the long term strength and durability of concrete by prolonging the 
hydration process (Malhotra, V. M. 1990; Meyer 2009; Siddique 2004). Many 
researchers have reported on variations and inconsistencies in the quality of FA 
(Kumar, Kumar & Mehrotra 2007; Sarkar et al. 2005; Vessalas 2009; Woolley & 
Coombs 1996). Depending on the chemical composition, type, size and distribution 
of particles, the quality of FA is of importance in view of its intended engineering 
application (Gutiérrez, Pazos & Coca 1993; Vessalas 2009). Aydın et al. (2007) 
investigated the effect of replacement of PC by up to 70% of FA (class C) on 
mechanical properties of concrete. They found long-term strength values decreased 
significantly for concrete mixtures over 30% of fly ash replacement levels. 
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 Silica Fume (SF) 
Silica fume (SF) is a by-product of the manufacture of silicon and ferrosilicon alloys 
from high-purity quartz and coal in a submerged-arc electric furnace (Neville 1996). 
The escaping gaseous SiO oxidises and condenses in the form of extremely fine 
spherical particles of amorphous silica (SiO2); hence, the name silica fume. Silica in 
the form of glass (amorphous) is highly reactive, and the smallness of the particles 
speeds up the reaction with calcium hydroxide produced by the hydration of Portland 
cement (Neville 1996). The particles of silica fume are extremely fine and 
spherically shaped.  Most of them having a diameter ranging between 0.03 and 0.3 
µm; the median diameter is typically below 0.1 µm. 
SF has been reported to improve mechanical properties of concrete such as 
compressive strength and reduce permeability due to its role as filler (Massoud, 
Mohamed & Hassan 2003). Moreover, the addition of SF can also reduce the 
capillary network of concrete. However, SF pozzolanic reaction with Portlandite 
decreases pH of the hardened concrete (Boddy, Hooton & Thomas 2003; Maas, 
Ideker & Juenger 2007). 
 Ground Granulated Blast-furnace Slag (GGBS) 
Ground Granulated Blast-furnace Slag (GGBS) is a by-product of the steel industry. 
It is the glassy granular material formed when molten blast furnace slag is rapidly 
chilled, as by immersion in water (ACI Committee 233 1995). Since the 1950s, use 
of GGBS as a separate cementitious material has become widespread in many 
different countries. Because of its generally beneficial properties, such slag is not 
only used as partial Portland cement replacement, but also as aggregate. It is highly 
cementitious in nature or latently hydraulic, due to its calcium content of 35% to 
40% which can be substituted for PC on a 1:1 basis. The shape of GGBS particles is 
angular, in contrast to fly ash (Neville 1996). It is of sand size but before use it is 
ground to the particles less than 45µm (Mehta & Monteiro 2005). The chemical 
compositions of a type of GGBS used in previous research are shown in Table 2.6 
and its XRD pattern is presented in Figure 2.6. 
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Table 2.6 Chemical composition of GGBS (Salih et al. 2015) 
CaO SiO2 Al2O3 MgO Fe2O3 Mn2O3 
42.7 34.1 13.5 4.5 0.36 0.20 
GGBS improves many mechanical and durability properties of concrete and 
generates less heat of hydration (Meyer 2009). 
  
(a) (b) 
Figure 2.6 GGBS,  (a) SEM image and (b) XRD pattern (Salih et al. 2015) 
 Metakaolin (MK) 
Metakaolin (MK) is the most recent SCM to be commercially introduced to the 
concrete construction industry. Unlike other SCMs, MK is not an industrial by-
product; it is produced by calcining high purity kaolin clay at temperatures of 700–
800 °C. It has been shown that the inclusion of MK could improve the properties and 
durability performance of concrete (Caldarone, Gruber & Burg 1994; Güneyisi & 
Gesoğlu 2008; Mehta & Monteiro 2005). It contains typically 50–55% SiO2 and 40–
45% Al2O3, and is highly reactive.  
There is extensive research available regarding different properties of concrete 
containing MK, including pozzolanic reaction, compressive and flexural strength, 
shrinkage cracking and resistance to elevated temperature (Curcio, DeAngelis & 
Pagliolico 1996; Ding & Li 2002; Kong, Sanjayan & Sagoe-Crentsil 2007). The use 
of MK is reported to increase the concrete strength especially during the early ages 
of hydration (Curcio, DeAngelis & Pagliolico 1996; Zhang & Malhotra 1995). The 
increase in the compressive strength of MK concrete is thought to be due to the 
filling effect where MK particles fill the space between cement particles, acceleration 
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of cement hydration and the pozzolanic reaction of MK  (Ariffin et al. 2013; Frias & 
Cabrera 2000; Poon et al. 2001; Shah & Pereria 2001).   
2.5. Microstructure of Concrete 
The term “microstructure” is used for the microscopically magnified portion of a 
macrostructure visible to the human eye. The limit of resolution of the unaided 
human eye is approximately one-fifth of a millimetre (200 μm). The type, amount, 
size, shape, and distribution of phases present in a solid constitute its 
“microstructure”.  
According to Mehta and Monteiro (2005), concrete has a highly heterogeneous and 
complex microstructure. Therefore, it is very difficult to constitute realistic models of 
its microstructure from which the behaviour of the material can be reliably predicted. 
However, knowledge of the microstructure and properties of the individual 
components of concrete and their relationship to each other is useful for exercising 
control on the properties. The reasons behind the complexity of concrete 
microstructure are as follows; 
Compared to other engineering materials like steel, the microstructure of concrete is 
not a static property of the material. This is because the bulk cement paste and the 
interfacial transition zone between aggregate and cement paste change with time. On 
the other hand, the strength of concrete depends on the volume of the cement 
hydration products that continue to form for several years, resulting in a gradual 
enhancement of strength. Depending on the exposure to environment, solutions 
penetrating from the surface into the interior of concrete sometimes dissolve the 
cement hydration products causing an increase in porosity which reduces the strength 
and durability of concrete. Conversely, when the products of interaction recrystallize 
in the voids and microcracks, it may enhance the strength and durability of the 
material. This explains why analytical methods of material science that work well in 
modelling and predicting the behaviour of microstructurally stable and homogeneous 
materials do not seem to be satisfactory in the case of concrete structures. 
Another important fact regarding the concrete is that although it is a composite 
material, many of its characteristics do not follow the laws of mixtures. For instance, 
under compressive loading both the aggregate and the hydrated cement paste, if 
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separately tested, would fail elastically, whereas concrete itself shows inelastic 
behaviour before fracture. Also, the strength of concrete is usually much lower than 
the individual strength of the two components. Such anomalies in the behaviour of 
concrete can be explained on the basis of its microstructure, specially the important 
role of the interfacial transition zone between coarse aggregate and cement paste that 
will be discussed later. 
At the macroscopic level, concrete may be considered as a two-phase material, 
consisting of aggregate particles dispersed in a matrix of cement paste. However, at 
the microscopic level, the complexities of the concrete microstructure are evident 
because the two phases of the microstructure are neither homogeneously distributed 
with respect to each other, nor are they themselves homogeneous (Mehta & Monteiro 
2005). 
 Voids in Hardened Concrete 
Concrete contains different types of voids. Generally, the presence of voids in 
concrete reduces its strength (Neville 1996). According to Mehta and Monteiro 
(2005), there are mainly three different types of voids in cement paste including 
capillary voids, air voids and interlayer space in C-S-H that will be discussed below. 
Some other researchers such as Mehta and Monteiro (2005) have also named the 
microcracks as a type of void in concrete. Microcracks will be discussed in Section 
2.5.3 of this chapter. 
2.5.1.1. Capillary voids (Pores) 
Capillary voids (pores) represent the space not filled by the solid components of the 
hydrated cement paste. They may range from 10 to 50 nm. Larger voids (larger than 
50 nm) are probably more influential in determining the strength and impermeability 
characteristics, whereas smaller voids (less than 50 nm) play an important part in 
drying shrinkage and creep. 
2.5.1.2. Air voids  
There are two different types of air voids; namely, entrapped or purposely entrained 
air by use of some admixtures.  Both the entrapped (could be as large as 3 mm) and 
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entrained air voids (50-200 μm) in the hydrated cement paste are much bigger than 
the capillary voids, and are capable of adversely affecting the strength.  
2.5.1.3. Interlayer space in C-S-H  
The size of this void (pore) is too small to have an adverse effect on the strength and 
permeability of the hydrated cement paste. However, it may contribute to drying 
shrinkage and creep properties. 
 Interfacial Transition Zone (ITZ) in Concrete 
Interfacial transition zone (ITZ) in concrete, represents a small region next to the 
particles of coarse aggregate. Existing as a thin shell, typically 10 to 50 μm thick 
around large aggregate, the interfacial transition zone is generally weaker than either 
of the two main components of concrete, namely, the aggregate and the bulk 
hydrated cement paste; therefore, it exercises a far greater influence on the 
mechanical behaviour of concrete (See Figure 2.7). 
Large volume of capillary voids, oriented calcium hydroxide crystals and the 
presence of microcracks are major factors responsible for the poor strength of the 
interfacial transition zone in concrete. The amount of microcracks depends on 
numerous parameters, including aggregate size and grading, cement content, water-
cement ratio, degree of consolidation of fresh concrete, curing conditions, 
environmental humidity, and thermal history of concrete (Mehta & Monteiro 2005; 
Neville 1996).  
The microstructure of the interface zone is as follows. The surface of the aggregates 
is covered with a layer of oriented crystalline Ca(OH)2 about 0.5μm thick, behind 
which there is a layer of C-S-H of about the same thickness. Moving further away 
from the aggregate, there is the main interface zone, some 50 μm thick, containing 
products of hydration of cement with larger crystals of Ca(OH)2 but without any 
unhydrated cement. The water/cement ratio and porosity at the interface is higher 
than elsewhere.  Presence of large crystals of Ca(OH)2 is a proof of this fact (Mehta 
& Monteiro 2005; Neville 1996). 
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Figure 2.7  Diagrammatic representation of the interfacial transition zone and bulk cement 
paste in concrete (Mehta & Monteiro 2005) 
 Microcracks in Concrete  
Concrete is generally full of micro-cracks. Upon loading, these micro-cracks 
propagate and the accumulation of them may lead to the development of major 
cracks and subsequently may end up in failure (Barbhuiya & Choudhury 2015; 
Neville 1996). Microcracks are the cracks with the length of less than 0.1 mm (Slate 
& Hover 1984), which exist in concrete even before applying any load. They are 
mostly located in interfacial transition zone of concrete and their number, size and 
propagation can affect different properties of concrete such as strength, ductility and 
durability.  
As increasing load is being applied, these microcracks remain stable up to about 30 
per cent, or more, of the ultimate load and then begin to increase in length, width, 
and number. The overall stress under which they develop is sensitive to the 
water/cement ratio of the paste (Neville 1996). 
2.6. Microstructure of Concrete with Pozzolan 
On the basis of scanning electron microscopic observation and pore-size distribution, 
there are two physical effects of the chemical reaction between the pozzolanic 
particles and calcium hydroxide: (i) pore-size refinement and (ii) grain-size 
refinement.  
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The formation of secondary hydration products (mainly calcium silicate hydrates) 
around the pozzolan particles tends to fill the large capillary voids with a 
microporous, low-density material. The process of transformation of a system 
containing large capillary voids into a microporous product containing numerous fine 
pores is referred to as “pore-size refinement.” Also, nucleation of calcium hydroxide 
around the fine and well distributed particles of pozzolan will have the effect of 
replacing the large and oriented crystals of calcium hydroxide with numerous, small, 
and less oriented crystals plus poorly crystalline reaction products. The process of 
transformation of a system containing large grains of a component into a product 
containing smaller grains is referred to as “grain-size refinement.” Both the pore size 
and the grain-size refinement processes strengthen the cement paste. 
2.7. Fibre Reinforced Concrete (FRC) 
Concrete containing hydraulic cement, water, aggregate, and discontinuous discrete 
fibres is called “fibre-reinforced concrete”. It may also contain pozzolans and other 
admixtures commonly used with conventional concrete (Mehta & Monteiro 2005). 
According to Mehta and Monteiro (2005), the type of fibre, its length, volume 
fraction and bond with the matrix will have a significant influence on the response of 
the composite. Fibres of various shapes and sizes produced from steel, plastic, glass, 
and natural materials are being used; however, for most structural and non-structural 
purposes, steel fibres is the most commonly used of all the fibres.  
Depending on the amount of fibres used, they offer various advantages including 
reduction in shrinkage cracking, increase of the modulus of rupture, flexural 
toughness (total energy absorbed in breaking a specimen in flexure), impact 
resistance and strain-hardening in the composites. Many of these effects is due to the 
bridging the microcracks in concrete by fibres.  Impact resistance of concrete, is also 
increased considerably. Unfortunately, due to a lack of satisfactory tests for impact 
resistance of fibre-reinforced concrete, it has been difficult for researchers to assess 
the exact extent of improvement (Mehta & Monteiro 2005). 
Fibres are added into a brittle-matrix composite to help improve three major aspects, 
namely; toughness, ductility and strength (tensile) (Arisoy 2002). Fibres tend to 
increase toughness of the composite material by bridging the cracks and providing 
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energy absorption mechanism related to de-bonding and fibre pull-out. Furthermore, 
they can increase the ductility of the composite by allowing multiple cracking. They 
may also help increase the strength by transferring load and stresses across the 
cracks. 
FRCs can be subdivided into three different classes, with regards to structural 
application. This characterisation is based on the fibre volume fraction, which ranges 
from low to high and intended functions of the reinforcing fibres.  Fibre content may 
be considered low if ranging from 0.1 to l.0%, moderate if ranging between 1 to 3% 
and high if in the range 3 to 12%, based on the volume fraction of total concrete 
produced. It is investigated that the fibre contents below the 0.1% volume fraction 
statistically have no significant effect on the characteristics of the hardened concrete 
(Midwest-Research-Institute 1994). 
Fibres in low volume fraction do not serve any structural function and are often used 
for plastic shrinkage crack control. Moderate fibre volume fraction FRCs, are 
versatile materials which can be found in both cast-in-place and pre-cast structural 
members. These types of FRCs are characterized by their improved modulus of 
rupture (MOR), fracture toughness, fatigue resistance, impact load resistance and 
other desirable mechanical properties (Balaguru & Shah 1992; Bentur & Mindess 
1990). 
Plain concrete beam fails suddenly once the deflection corresponding to the ultimate 
flexural strength is exceeded; on the other hand, fibre-reinforced concrete continues 
to sustain considerable loads even at deflections considerably in excess of the 
fracture deflection of the plain concrete. Typical load-deflection curves for plain 
concrete and fibre-reinforced concrete are shown in Figure 2.8a, and the schematic 
failure of concrete with and without fibre is presented in Figure 2.8b. 
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(a) (b) 
Figure 2.8 (a) Load-deflection behaviour of plain and fibre-reinforced concrete and (b) 
mechanism of increase in flexure toughness of concrete with fibres (Mehta & Monteiro 2005)  
2.8. Sulphuric Acid Attack on Concrete  
The corrosive nature of sulphuric acid is evident and has been well documented from 
both in situ observations and chemical testing on concrete (Bassuoni & Nehdi 2007; 
Building Research Establishment (BRE) 2003; Chang et al. 2005; Hill et al. 2003; 
Monteny et al. 2000; Mori et al. 1992).  
The definition of attack from an engineering perspective, as Neville (2004) believes, 
is when concrete experiences deterioration or damage. The deterioration of concrete 
exposed to sulphuric acid is the result of the dissolution of the hydrogen ion and the 
separate effect of the sulphate ion (Girardi, Vaona & Di Maggio 2010). This creates 
an aggressive set of chemical reactions, threatening the stability of a cement matrix. 
The main chemical reactions involved in sulphuric acid attack are as below. 
 Gypsum formation resulting from conversion of the calcium hydroxide Ca(OH)2 
to calcium sulphate (CaSO4) as per the following reaction (Girardi, Vaona & Di 
Maggio 2010).  
CH + H2SO4 →  CaSO4.2H2O                                     (2-3) 
Gypsum appearance has the form of a white, mushy substance which has no cohesive 
properties and has, ‘‘the consistency of cottage cheese” (Davis et al. 1998). 
Previous research on both mortar and concrete has confirmed the formation of 
gypsum as one of the primary corrosion mechanisms involved in the deterioration of 
the cement paste resulting in loss of cohesion in cementitious calcium compounds 
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(Davis et al. 1998; Gollop & Taylor 1996; Mori et al. 1992). For example, a study on 
degradation of concrete foundations of a building in Italy due to exposure to sewage 
waters reported the growth of gypsum crystals at the aggregate-paste interface 
responsible for loss of strength (Tulliani et al. 2002). However, it has been 
mentioned that formation of gypsum may slow down the procedure of acid attack 
due to acting as a barrier to further penetration of corrosive agents (Monteny et al. 
2000; Rendell & Jauberthie 1999). 
 Ettringite formation which is due to conversion of hydrated calcium aluminate to 
calcium sulpho aluminate (3CaO.Al2O3.3CaSO4.32H2O) as shown in the 
following equation (Bassuoni & Nehdi 2007); 
3CaO.Al2O3 .12H2O + 3(CaSO4 .2H2O) + 14H2O →3CaO.Al2O3 .3CaSO4.32H2O  
(2-4) 
 Decalcification – decomposition of the hydrated calcium silicates (C-S-H), which 
is responsible for provision of the strength in concrete according to the below 
reaction (Girardi, Vaona & Di Maggio 2010). 
C3S2H3+ H2SO4 →CaSO4.2H2O + C2S2H2                (2-5) 
These chemical reactions lead to expansion, cracking  (Aydın et al. 2007; Girardi, 
Vaona & Di Maggio 2010), and loss of strength and elastic properties of concrete 
(El-Hachem et al. 2009; Girardi, Vaona & Di Maggio 2010; Gutiérrez-Padilla et al. 
2010; Zivica et al. 2012). Santhanam, M., Cohen and Olek (2003) mentioned that 
both ettringite and gypsum have expansive and destructive character, while others 
such as Schmidt, T et al. (2009) claim that the contribution of gypsum is limited 
while the expansion of ettringite dominates.  
Regarding the formation of gypsum and ettringite, Girardi, Vaona and Di Maggio 
(2010) have mentioned: “The rate and type of deterioration depends on the 
concentration of the aggressive substances: if the concentration of SO2
-4 is high, then 
gypsum will form; if it is low, ettringite will form. Our test was carried out with a 
strong concentration of reagents (33,800 ppm of SO2
_4) and exposing a large specific 
area (the samples had a high area/volume ratio), so calcium sulphate (not ettringite) 
is the main product, which crystallized in cracks. On the other hand, the crystals 
embedded in cracks revealed an atomic Ca/S ratio compatible with that of calcium 
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sulphate, rather than ettringite. Gypsum nucleates during the induction period in 
microcracks, causing expansion, first in the transition zone around aggregate and 
then in the cement paste. The consequence of the attack is subsequently the growth 
of the sulphate phase in the cracks, shaped like columns (or plates in the smallest 
cracks)”.   
Some researchers have focused on the mechanism of acid attack on concrete rather 
than just the corrosive effect of sulphate. For instance, Beddoe and Dorner (2005) 
have developed some computer models to predict the corrosion of concrete subjected 
to acidic solutions with certain pH values.  
They stated that as the pH value decreases, calcium hydroxide (12.6), ettringite 
(10.7), C–S–H (10.5) and finally calcium aluminate and ferrite hydrates decompose 
successively until a silica gel residue is obtained at pH values below roughly 2 (the 
values in parentheses referring to pH stability). Figure 2.9 shows schematically the 
neutralisation reaction at an arbitrary point in concrete. 
 
Figure 2.9 Corroded layer by acid HX (Beddoe & Dorner 2005) 
According to O’Connell, M., McNally and Richardson (2010) in a state of the art 
review, there are three research foci evident in the study of sulphate/sulphuric acid 
effects on concrete as follows; 
 Studies of the biological processes behind the corrosion of wastewater 
infrastructure, with particular reference to the role of sulphate-reducing and 
sulphur-oxidising bacteria (More details are provided in this regard in Section 
2.8.2). 
 Studies of the chemical effects of sulphates and sulphuric acid on concrete mixes. 
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 Laboratory-based research methodologies, especially those incorporating the 
biological effect on concrete.  
Some other researchers have discussed the deterioration modes involved in sulphate 
attack in slightly different ways.  For instance, Al-Amoudi (1998) has mentioned 
three modes of concrete deterioration associated with sulphate attack as follows; 
 Acidic type of sulphate attack by eating away of the hydrated cement paste and 
progressive reduction of it to a cohesionless granular mass leaving the aggregate 
exposed and leading to loss of strength due to formation of gypsum. 
 Expansive type of sulphate attack due to formation of expansive ettringite that 
leads to cracking in concrete. 
 Onion-peeling type which is characterised by scaling or shelling of the surface in 
successive layers in the form of “onion-skinning’ delamination. 
The corrosion resistance of concrete depends on the type and chemical composition 
of the cement and the pH of the attacking acid (Beddoe & Dorner 2005). 
 Previous Studies of Concrete Microstructure Subjected to Sulphuric 
Acid  
Many research studies have examined the microstructure of cementitious materials 
subjected to sulphuric acid. Bassuoni and Nehdi (2007) studied self-consolidating 
concrete (SCC) after 12 weeks of exposure to sulphuric acid with the concentration 
of 5% (PH~0.9). From XRD analysis they reported the existence of gypsum and the 
absence of ettringite phase on the surface exposed to acid which was due to low PH 
at this region. They found ettringite in deeper regions of specimens, where the PH 
was above 11 that were associated with micro-cracks (Figure 2.10). They also tested 
(Sulphate resistant cement) SRC specimens and attributed the absence of ettringite in 
those samples to their lower C3A. 
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Figure 2.10 Clustering of ettringite and associated micro-cracking (Bassuoni & Nehdi 2007) 
Li, G et al. (2009) immersed two different types of concretes in 1% sulphuric acid 
solution and after five years, studied the crack pattern and porosity of the concretes 
by use of SEM, EDS and Fourier-transform infrared (FT-IR) spectroscopy analysis 
methods.  
Girardi and Maggio (2011) conducted a series of experimental tests for different 
concrete mixes subjected to sulphuric acid with the PH~2 for five years. They 
employed SEM and EDS to correlate the samples’ microstructure and deformation.  
Fan et al. (2010) have investigated the pore structure and cracks (shown in Figure 
2.11) in concrete subjected to sulphuric acid solution with PH of 1, 1.5 and 2.5. They 
used different microanalysis method such as SEM, EDS and computed tomography 
(CT) method to study the porosity of concretes subjected to each environment. 
  
(a)  (b)  
Figure 2.11 SEM image of cracking formed in corroded concrete specimen, (a) cracking exist in 
the cement paste and (b) cracking exist in the interfacial surface between cement and aggregate 
(Fan et al. 2010) 
Cracks 
Cracks 
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The main focus of the previous microstructural work in this area has been on the 
formation of gypsum and/or ettringite in different areas and crack and micro crack 
formation and their patterns.  
For instance, Skalny, Marchand and Odler (2002) have discussed the mechanism of 
acid attack and mentioned under sulphuric acid attack only limited amounts of 
ettringite will form in deeper sections of the concrete as long as the pH is high 
enough to maintain its stability and enough of the gypsum formed in the initial stages 
of attack can move into the concrete.  
Some other researchers have also stated ettringite is unable to survive in acidic 
environments and even in alkaline environments with pHs as high as 10.6 
(Santhanam, M., Cohen & Olek 2001). In contrast, Monteny et al. (2000) emphasised 
the importance of ettringite and its more severe effect on concrete than gypsum.  
Girardi, Vaona and Di Maggio (2010) have mentioned if the concentration 
of  sulphate is high, then gypsum will form; if it is low, ettringite will form. In their 
tests they used strong concentration of reagents (33,800 ppm of sulphate) and 
exposed a large specific area (the samples had a high area/volume ratio), so that 
calcium sulphate (not ettringite) is the main product and crystallizes in cracks. 
Regarding the mechanism of acid attack there is an agreement among all above-
mentioned researchers. It is this fact that acid attack is a surface phenomenon. 
However, the concentration of sulphur varies according to the depth of penetration as 
Attiogbe and Rizkalla (1989) reported after investigation of coated and uncoated 
concrete samples after exposure to 1% sulphuric acid solution for 80 days (See 
Figure 2.12).  
In some research work on sulphuric acid attack on concrete, such as Ariffin et al. 
(2013) the ratio of Ca/Si has been studied by use of EDS, as an indication of 
decalcification of hydrated products of cement such as C-S-H. In this research it was 
mentioned that the ratio of Ca/S after exposure to sulphuric acid decreased from 2.24 
to 0.72. Figure 2.13 shows the EDS and SEM of OPC and GPC concrete after 18 
months immersion of samples in sulphuric acid solution with the concentration of 
2%. 
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Figure 2.12 Sulphur content of uncoated and coated specimens versus distance from acid-
exposed surface 
 
 
  
Figure 2.13 SEM and EDS of (a) OPC and (b) GPC after 18 months of exposure to 2% 
sulphuric acid (Ariffin et al 2013) 
(a) 
(b) 
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 Biogenic Sulphuric Acid (BSA) in Concrete Swage Systems 
Different research has been conducted on the exposure of concrete structures to 
biogenic sulphuric acid in wastewater systems. Biogenic sulphuric acid corrosion 
leads to fast degradation of concrete structures. The sulphuric acid reacts first with 
the calcium hydroxide (CH) in the concrete to form gypsum. The reaction between 
gypsum and calcium aluminate hydrate (C3A) with the formation of ettringate is 
mainly responsible for the large volume expansion which leads to the increase of 
internal pressure and deterioration of the concrete matrix (Monteny et al. 2000). 
Olmstead and Hamlin (1900) were the first researchers to report a rapid acid-related 
corrosion in concrete sewage pipelines. Hydrogen sulphide was recognised as a 
source of corrosion in Cairo’s sewer pipe systems in 1920, where within 10 years the 
damage reached a depth of 5·9 in. (150 mm), nearly half of the thickness of the pipe 
wall (Environment Protection Agency 1991). 
Parker (1945) identified Thiobacillus genus bacteria as the source of sulphuric acid 
formation at the crown of concrete sewer pipes. The most aggressive species of these 
bacteria is Thiobacillus thioxidans, which was shown to grow well in the laboratory 
environment even when exposed to a 7% solution of sulphuric acid (Middlek, Sandw 
& Booke 1983; Shock & Belll 2003). 
The corrosion of concrete sewer pipes by sulphuric acid is initiated by sulphate-
reducing bacteria (SRB), micro-organisms that reside in the slime layer of sewer 
pipes. These bacteria utilise sulphates as an oxygen source and release sulphide, 
which reacts with dissolved hydrogen in wastewater to form dissolved hydrogen 
sulphide and hydrosulphide ions. The dissolved hydrogen sulphide is then volatilised 
and released into the atmosphere of sewer pipes where it is oxidised into sulphuric 
acid by aerobic bacteria (Thiobacillus) that occupy the crown of sewer pipes (Parker 
1945). Sulphuric acid is neutralised by reacting with the hydration products of the 
concrete matrix to form gypsum and ettringite. Both gypsum and ettringate possess 
little structural strength, yet they have larger volumes than the compounds they 
replace. This results in internal pressures, formation of cracks and eventually the loss 
of aggregates and thinning of the wall of the concrete pipes (Hewayde et al. 2007). 
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Figure 2.14 Example of severe degradation of concrete and steel reinforcement of a building 
foundation (Tulliani et al. 2002) 
The corrosive agents from the sewage systems not only affect the concrete pipes and 
other concrete sewage collecting components but also can cause deteriorating effect 
on the adjacent buried concrete elements such as foundation of buildings or other 
structures. Tulliani et al. (2002), carried out a case study on the foundation of an 
existing building (See Figure 2.14 that has been degraded due to exposure of 
concrete to sulphuric acid coming from the sewage system nearby. They used X-ray 
diffraction (XRD), scanning electron microscopy (SEM) and energy-dispersive 
spectroscopy (EDS) analysis to investigate the degradation mechanism of concrete in 
the foundation of plinths and piers. They concluded the chemical degradation was 
accompanied by a dramatic strength loss in concrete. The chemical reactions caused 
large amounts of gypsum crystals to grow mainly at the transition zone, hence, 
inducing a complete debonding between the cement paste and aggregates which was 
captured by SEM. They also found that ettringite expansion alone was not the reason 
for the strong deterioration and the loss of strength and adhesion of the cement paste 
but decalcification process of C–S–H, was another important phenomenon affecting 
the strength loss. The pH values in concrete pipelines in sewers may reduce to as 
little as 1 to 2 (Mori et al. 1992; Parande et al. 2005) and even as low as 0.5 in the 
worst case (Vipulanandan & Liu 2002). 
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Although, biogenic sulphuric acid corrosion has been mainly studied by directly 
using sulphuric acid as corrosive agent, some investigations have shown that even if 
concrete shows a certain resistance to sulphuric acid, this does not always imply a 
resistance towards BSA. Therefore, some researchers investigated both the pure 
chemical sulphuric acid attack and the microbial aspect of the corrosion processes 
(Mori et al. 1992; Sand, Bock & White 1987). 
 Acid Sulphate Soils 
Acid sulphate soils were recognized as another source of sulphuric acid in Europe 
over 250 years ago. In Australia, their existence was appreciated only relatively 
recently. Indeed, prior to the release of NSW acid sulphate soil risk maps in 1995 
(Naylor et al. 1995), acid sulphate soils did not officially exist in Australia. As 
recently as 2002, some Australian states denied their existence even though there are 
over 40,000 km2 of coastal acid sulphate soils distributed along coastal zones in 
every state of the Australian Commonwealth (see Figure 2.15). It shows the location 
of the acid sulphate soils in Australia.  
 
Figure 2.15 The location of acid sulphate soils in the Australian coastal zone (White, Melville & 
Macdonald 2007) 
According to the NSW Acid Sulphate Soils Assessment Guidelines (1998), acid 
sulphate soils are soils containing highly acidic soil horizons or layers resulting from 
the aeration of soil materials that are rich in iron sulfides. The oxidation produces 
hydrogen ions in excess of the sediment’s capacity to neutralize the acidity, resulting 
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in soils of pH of 4 or less (Cement Concrete and Aggregates Australia 2011).  A 
typical acid sulphate soil and the impact on infrastructure is shown in Figure 2.16. 
  
(a)                                  (b) 
Figure 2.16 (a) Acid Sulphate soil and (b) their effect on infrastructures in NSW, Australia 
(Management of Acid Sulphate Soils 2011) 
The effect of acid sulphate soils on concrete structures and infrastructures is of 
concern. Guidelines for the Use of Acid Sulphate Soils Risk Maps, (published by 
Management Advisory Committee of Acid Sulphate Soil in Department of Land and 
Water Conservation in 1998), warns engineers about coping with extremely 
aggressive soil conditions for construction when using concrete and steel in Acid 
Sulphate Soils (ASS). 
Corrosion by acidity and salts can cause serious problems for pipelines, pylons, piles 
and other structures and significant costs can be incurred through maintenance of 
public structures such as bridges, pipelines and floodgates. The same document also 
warns that planners and developers must be aware of the presence of ASS when 
preparing land development proposals. The engineering hazards and environmental 
consequences associated with ASS must be taken into account during initial design 
of the development. Large costs have been and will continue to be incurred through 
lack of awareness. 
In AS3600 (2009), there are some requirements for concrete structures in acid 
sulphate soils to meet. The minimum amount of cementitious materials and 
maximum water to cement ratio have been limited to a certain level, based on the 
strength grade of the concrete and exposure classification. Use of Sulphate Resisting 
(SR) cement has also been suggested, as well as, the provision of a certain minimum 
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cover. In addition, for acid sulphate soil with the pH of less than 4, classified as B2 
and C2, protective coating has been recommended instead of mix design. However, 
according to other researchers SR cement cannot provide adequate resistance against 
sulphuric acid for concrete that will be discussed further in Section 2.9.1. 
 Acid Rain 
The effect of acid rain on concrete structures has recently been of concern, as a 
source of sulphuric acid for concrete structures. Fan et al. (2010) tested a ready 
mixed commercial concrete subjected to pure water as series 1 and acid solutions 
with the pH of 3.5, 2.5 and 1.5, as series 2, 3, and 4, respectively and defined some 
damage indices and plotted them versus immersion time as shown in Figure 2.17 and 
Figure 2.18. In these figures, Dcc shows the ratio of the compressive strength after 
immersion in acid (Fcr,t) to the control one (Fcn,t) (Equation (2-6)) . It was also 
reported that modulus of elasticity had less decrease compared to the compressive 
strength and had some fluctuations, particularly, in early ages and before 180 days of 
immersion.  
Other researchers like Xie , Qi  and Zhou (2004),  have also investigated the effect of 
acid rain on concrete by analysis of chemical components inside the concrete before 
and after exposure to acid. They mentioned that any change of structure due to CaO 
loss and uptake of sulphur compounds in the hardened cement paste of concrete 
specimens, affects the strength. In addition, it was reported that the decrease in 
strength is mainly caused by Ca(OH)2 loss and formation of CaSO4. This research 
has also offered slag cement to be used in the buildings subjected to acid rain instead 
of Portland cement but did not evaluate and mention the optimum percentage of the 
slag cement and other ingredients inside the concrete. 
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Figure 2.17 Mass loss of concrete specimens (Fan et al. 2010) 
 
Figure 2.18 Deterioration ratio of compressive strength versus immersion time (Fan et al. 2010) 
DCC= 
f
cr,t
f
cn,t
 (2-6) 
The pH values of acid rain worldwide are between 1.5 and 3.5 in practice (Fan et al. 
2010). 
 Other Sources of Acid for Concrete Structures 
Temporary storage of liquid manure underneath barn floors produces corrosive 
agents and causes premature corrosion of reinforcement steel and degradation of the 
concrete. Assaad Abdelmseeh, Jofriet and Hayward (2008) have evaluated the 
concrete corrosion in livestock buildings. They advised the restriction on both 
maximum W/C ratio and on maximum C3A, in case of use of normal Portland 
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cement in concrete. They also offered the concrete with sulphate-resisting cement 
(SR) with 2% C3A for this purpose. However, X-ray diffraction proved the presence 
of gypsum even in the specimens with SR cement, after immersion in the sulphate 
solution.  
Some research works have not specified the type of acid exposure in real life and just 
investigated the effect of acid on concrete or cement pastes. For instance, Bertron, 
Duchesne and Escadeillas (2005) have carried out an experimental research on 
conventional Portland cement and slag cement pastes, immersed in acid, by means of 
an electronic microprobe. They analysed and compared the chemical elements inside 
the solutions with the pH of 4 and 6 before and after immersion of the concrete 
specimens between these two cement pastes and did not go through any change of 
mechanical properties. They found that the kinetics of alteration of the cement pastes 
immersed in the solution with a pH of 4 was nine fold higher than in the solution 
with a pH of 6. 
Hewayde et al. (2007) investigated the effect of sulphuric acid on conventional 
concrete. They found that the decrease of compressive strength of the concrete 
specimens subjected to the sulphuric acid solution with the concentration of 3% and 
7% by volume was proportional to the mass loss. They proposed a linear relationship 
between the mass loss and decrease of compressive strength of the concrete exposed 
to acid (see Figure 2.19a). More recently, Singh and Siddique (2014) also reported 
the linear relationship between the mass loss and compressive strength loss of 
concrete containing a type of fly ash after exposure to 3% sulphuric acid solution 
(Figure 2.19b). 
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(a) (b) 
Figure 2.19 Relationship between mass loss and compressive strength loss according to (a) 
Hewayde et al. (2007) and (b) Singh and Siddique (2014) 
 
Most buried concrete elements such as, piles and footings are likely to be kept moist 
throughout their service life. However, parts of them, for example, the top of footings 
and pile caps may be exposed to periodic wetting and drying conditions. Hence, in 
some research works, continuous immersion of the specimens in acid solutions has 
been compared to the cyclic wetting and drying. Many previous studies agreed that 
the cyclic wetting and drying makes the deterioration rate faster and more severe 
(Girardi & Maggio 2011; Stark 2002).  
Zivica et al. (2012) investigated the factors affecting the  rate of acid attack on 
cementitious materials in bore hole wells as another vulnerable structure. They 
concluded that general alkalinity of the cement–based materials makes them the 
object of acidic attack and hence, the need for new generation binders with increased 
acid resistance.    
2.9. Previous Attempts to Improve the Acid Resistance of 
Concrete 
Although some new materials such as concretes using melted sulphur as the binder or 
high proportions of polymer modified binders can be more acid resistant, these 
materials are too expensive for most practical applications. Therefore, the research 
into improvement of acid resistance of normal concretes is still attractive (Chang et 
al. 2005). 
According to De Belie, De Coster and Van (1997), three factors play an important 
role in acid resistance of concrete: (i) the permeability determining the extent to 
which acids can penetrate into concrete, (ii) the alkalinity and (iii) the chemical 
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composition of the cement paste (De Belie, De Coster & Van 1997). Zivica et al. 
(2012) have mentioned  cement type, cement content, water to cement ratio , curing 
conditions and pore structure as factors of acid resistance of cement based materials. 
Addition of some SCMs has been used to increase the acid resistance of concrete by 
many researchers (Bertron, Duchesne & Escadeillas 2005; Bertron, Escadeillas & 
Duchesne 2004; De Belie, De Coster & Van 1997; De Belie, Verschoore & Van 
1998).  
 Use of Sulphate Resistant Portland Cement (SRPC) 
With normal-weight concrete a lower water-cement ratio may be required for 
protection against corrosion of embedded items (Mehta & Monteiro 2005). For very 
severe attack conditions, BRE Digest 250 requires the use of sulphate-resisting 
Portland cement, a maximum 0.45 water-cement ratio, a minimum 370 kg/m3 cement 
content, and a protective coating on concrete. Concrete coatings are not a substitute 
for high-quality or low-permeability concrete because it is difficult to ensure that a 
thin coating will remain unpunctured or that thick coating will not crack (Mehta & 
Monteiro 2005) 
Moreover, some research work on sulphate attack showed that the effect of sulphuric 
acid on concrete is more detrimental than that of sulphate attack (Bassuoni & Nehdi 
2007). 
Sulphate-Resistant Portland Cement (SRPC) has also been advised in acidic 
environments (AS3600 2009; Aydın et al. 2007). However, for prolonged exposure 
periods, SRPC, that has lower C3A (Neville 1996), does not appear to provide a 
better resistance to sulphuric acid attack than that provided by conventional Portland 
cement (OPC) (Attiogbe & Rizkalla 1989; Fattuhi & Hughes 1988). 
Fattuhi and Hughes (1988) attributed this behaviour to the large proportions of lime 
and calcium silicates forming in concrete made with both types of cement. According 
to Fattuhi and Hughes (1983), another problem with use of SRPC is offering less 
protection against the reinforcement corrosion comparing to OPC. 
Regarding the use of Type V cement, Mehta and Monteiro (2005) has stated, ‘‘It 
addresses only the problem of sulphate expansion associated with the ettringite 
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formation’’. Neville (2004) has mentioned “I would expect, therefore, Type V 
cement to be particularly efficacious when calcium sulfate is the attacking medium, 
although it could be beneficial with respect to the prevention of the formation of 
gypsum owing to the action of sodium sulfate. Thus, Type V cement is of no avail in 
the attack of calcium hydroxide and C-S-H and the subsequent loss of strength”. 
Schmidt, M et al. (1997) did also argue that conventional concretes containing 
standard cements (Types I to V) are inadequate for preventing the degradation of 
concrete by sulphuric acid attack. 
 Effect of Supplementary Cementitious Materials (SCMs) 
There are contradictory data in the literature on the effect of SCMs on the resistance 
of concrete to sulphuric acid attack. For instance, although most of research reported 
the positive effect of silica fume (Durning & Hicks 1991; Mehta 1985), Monteny, De 
Belie and Taerwe (2003) reported a negative effect of silica fume on penetration of 
sulphuric acid into concrete specimens due to refined pore structure of concrete with 
SF that would cause deeper penetration of acidic solutions into concrete.  
Neville (1996) has mentioned that inclusion of Class F fly ash in concrete improves 
its sulphate resistance probably mainly through the removal of calcium hydroxide. 
The content of fly ash should generally be between 25 and 40 per cent of the total 
cementitious material.  
Mehta and Monteiro (2005) have mentioned the reduction of calcium hydroxide in 
Portland-pozzolan and Portland-blast-furnace slag cements in the hydrated cement 
paste, as a reason for concrete made from such cements to show superior resistance 
to sulphate and acidic environments. 
Addition of silica fume results in a concrete with a denser structure, better able to 
withstand sulphate attack, but it also reduces or eliminates the free, leachable 
calcium hydroxide (Pavlík & Unčík 1997; Santhanam, Manu, Cohen & Olek 2002). 
Torii and Kawamura (1994) investigated the effect of using silica fume and fly ash as 
partial replacement for cement on the resistance of concrete to sulphuric acid. They 
concluded that such partial replacement for cement could not effectively prevent the 
acid-type deterioration involving surface scaling and softening of mortar.  
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Ground Granulated Blast-furnace Slag (GGBS) has been confirmed to act like 
sulphate resistant Portland cement in concrete and enhance the resistance of concrete 
subjected to sulphuric acid (O’Connell, Martin, McNally & Richardson 2012). 
However, even though the use of fly ash or GGBS reduces permeability, it allows 
faster carbonation (Neville 1996). 
 High-Alumina Cement 
High-alumina cement was also first developed to resist sulphate attack, and it was 
indeed highly satisfactory in this respect. Its resistance to sulphates is due to the 
absence of Ca(OH)2 and also to the protective influence of the relatively inert 
alumina gel formed during hydration. However, the concrete strength and chemical 
resistance decreases drastically through some chemical reactions after the initial 
hydration called, “conversion” (Neville 1996). High-alumina cement was firstly, 
used in the manufacture of prestressed concrete units due to the very high early 
strength. However, structural failures occurred in England in the early 1970s and 
consequently, all structural use of high-alumina cement was withdrawn from British 
codes. In most other countries, too, high-alumina cement is not used in structural 
concrete. Nevertheless, failures of old high-alumina cement concrete occurred in 
Spain in the early 1990 (Neville 1996). 
 Change of Aggregate Types 
Using limestone aggregates was proven to improve the acid resistance of concrete. It 
can be attributed to the role of limestone aggregates as a sacrificial medium to reduce 
the acid concentration near concrete surface and decrease the rate of deterioration of 
concrete subjected to acid attack (Chang et al. 2005). In another research it was 
reported that if concrete was made of acid resistant aggregates such as quartz, only 
the cement paste matrix was vulnerable to acid attack (Beddoe & Dorner 2005). 
 Change of Water to Cement Ratio 
There are inconsistent research results reported regarding the effect of water to 
cement (W/C) ratio on resistance of concrete exposed to sulphuric acid.  
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In many research works and guidelines, higher W/C and hence, more porous 
concrete has been reported to be more vulnerable to sulphuric acid attack due to 
being penetrable to aggressive agents (AS3600 2009; Mehta & Monteiro 2005; 
Neville 1996).  
However, some other researchers believe that the high porosity in concrete provides 
more pores to absorb the expansion caused by formation of gypsum. For instance, 
Kawai, Yamaji and Shinmi (2005) reported that degradation depth of samples with 
low W/C ratios was deeper than those with high W/C ratios. They explained this 
phenomenon as follows (Kawai, Yamaji & Shinmi 2005). Concrete with a high water 
cement ratio has larger and more pores than that with a low water cement ratio. 
These pores play the role of a capacity to absorb expansion caused by the production 
of gypsum. Therefore, concrete with a high water cement ratio has a higher capacity 
to absorb the expansion of production reaction of gypsum than that with a low water 
cement ratio; hence, concrete with a low water cement ratio erodes earlier than that 
with a high water cement ratio.  
Such results were found by other researchers as well: 1% H2SO4 solution showed 
greater degradation for low W/C ratios than high W/C ratio samples (Fattuhi & 
Hughes 1988) and low H2SO4 concentration showed greater deterioration depth for 
samples with low W/C ratios than with high W/C ratios (Hughes & Guest 1978). 
Yuan et al. (2013) also conducted a research in this regard and concluded that the 
degradation rate for samples with high porosity was greater than that with low 
porosity.  
 Polymer-based Concrete  
The first patent on hydraulic binders modified with polymers was issued in 1924 and 
then in 1950s the first uses of concrete modified with polymers, particularly in the 
rehabilitation of concrete structures appeared (Ohama 1998). The binder in polymer 
concrete is a resin that polymerizes with the aid of additives, namely an initiator and 
a catalyst (Fowler, D.W. 1998; Fowler, D.W. 2001). There are mainly three types of 
polymer based concretes.  
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 Polymer modified concrete (PMC) –which contains aggregates and a binder 
matrix where phases generated by the hydration of Portland cement coexists with 
polymeric phases. 
 Polymer impregnated concretes (PIC), in which concretes are impregnated with a 
monomer of low viscosity, usually of methyl methacrylate in order to fill its 
porous structure.  
 Polymer concrete that is composed of aggregates and a polymer matrix without 
Portland cement (Fowler, D.W. 1999). 
Some polymer and polymer modified concretes have shown a better performance 
against aggressive agents including the sulphuric acid (Abdel-Mohsen & Maisa 
2009; Figovsky et al. 1996; Gorninski, Dal Molin & Kazmierczak 2007; Pacheco-
Torgal & Jalali 2009).  
Pacheco-Torgal and Jalali (2009) compared the performance and price of PMC and 
PIC to normal concrete with sulphate resistant cement and fly ash. They concluded 
that the use of PMC had minor beneficial effect on acid resistance of concrete pipes 
and was not economically attractive because of the high price. However, it was 
mentioned that PIC performed better than PMC in terms of the chemical resistance of 
hardened concrete that still cannot be as a viable solution in these environments due 
to implied high cost. 
 Geopolymer Concrete (GPC) 
In the last decade, geopolymer binders have emerged as one of the possible 
alternative to  Portland cement for concrete industry (Chindaprasirt, Rattanasak & 
Jaturapitakkul 2011). Geopolymer is an inorganic binder material and can be 
produced by a geopolymeric reaction of alkali activating solution with silica and 
alumina rich source materials from geological origin or pozzolanic materials such as 
metakaolin, fly ash, and rice husk ash (Davidovits, J. 1991). Geopolymers show great 
properties such as high early strength, low creep and shrinkage, and good resistance 
against acid, fire and sulphate attack in addition to its environment friendliness 
(Chindaprasirt, Chareerat & Sirivivatnanon 2007; Davidovits, J. 1994; Kong & 
Sanjayan 2010; Pan, Sanjayan & Kong 2012). 
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Sata, Sathonsaowaphak and Chindaprasirt (2012) investigated the acid resistance of a 
type of geopolymer by testing the concretes after 120 days of exposure to 3% 
sulphuric acid solution. They concluded better acid resistance performance of 
geopolymer comparing normal concrete. It has been due to the more stable cross-
linked aluminosilicate polymer structure as compared to the normal Portland cement 
hydration structure (Sata, Sathonsaowaphak & Chindaprasirt 2012). 
Alkali-activated concrete was reported to have a superior durability in aggressive 
environments comparing to OPC (Roy & Idorn 1982). It can be attributed to less Ca 
in its composition and low permeability, and hence, it is expected to be more durable 
than OPC in acidic environments. In the previous papers, the durability of this 
concrete when exposed to a sulphate environment and carbonation was studied 
(Bakharev, Sanjayan & Cheng 2001; Bakharev, Sanjayan & Cheng 2002). Although, 
it had a superior durability to OPC in sulphate attack, it was more exposed to 
carbonation. This concerns engineers about the use of alkali-activated concretes for 
structural applications in reinforced concrete.  
Ariffin et al. (2013) have tested a type of GPC as well as conventional concrete after 
18 months of immersion in 2% sulphuric acid solution. They concluded that GPC 
was superior to OPC concrete which was attributed to a more stable cross-linked 
aluminosilicate polymer structure formed in the geopolymer concrete.  
2.10. Testing the Acid Resistance of Concrete 
There is currently no comprehensive method available for assessing the mechanical 
and structural performance of reinforced concrete subjected to sulphuric acid and 
sulphate-rich environments (Girardi & Maggio 2011; Girardi, Vaona & Di Maggio 
2010). In fact two test methods have been provided by ASTM (ASTM C4452 and 
C1012) to assess their performance in sulphate-rich environments, both of which 
have been criticized due to being unable to predict field performance adequately. In 
addition, they are performed on mortar not concrete and just investigate the 
expansion due to formation of ettringite and ignore the acid attack (Girardi & 
Maggio 2011). However, the important properties investigated by previous 
researchers are summarized in Table 2.7. In this table, the ticked tests are selected 
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tests for this research work, based on the properties of the materials, existing 
facilities in the university and time available to complete the research.  
Monteny et al. (2000) in a research work on biogenic sulphuric acid attack on 
concrete have mentioned “The research done on the resistance of concrete against 
this type of corrosion can roughly be divided in three groups: chemical tests, 
microbiological simulation tests, and tests in situ”. They have also stated “The 
chemical resistance of concrete can be tested in different ways:  
1. Realistic concentrations of the aggressive acids/salts can be used in combination 
with a sensitive method to detect deterioration; the latter supplemented with 
extrapolation method are used to calculate the degradation in the future.  
2. Accelerated tests can be performed. The degradation rate can be increased by 
means of higher concentrations of the aggressive medium, higher temperature, 
larger contact surfaces”. 
Most of available research on chemical resistance of concrete has employed 
accelerated laboratory testing and there are a few number of site tests due to the time 
consuming nature of in-situ experimental work. For instance, Hagelia and Sibbick 
(2009) has undertaken a series of site tests on sulphate and acid attack on concrete 
from 1952 to 1982. Not every researcher is able to spend about 30 years on a 
research work, hence, use of accelerated tests in laboratory instead. 
In literature, researchers have used different concentration of acid for certain period 
of time according to the aim of their projects and feasibility. A summary of the acid 
pH and/or concentration and time of exposure used in previous research has been 
provided in Table 2.8. The feature of each research has also been mentioned in the 
table. 
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Table 2.7 Summary of tests used previously by researchers to investigate the sulphuric acid 
resistance of concrete 
Type of test Researchers 
 
 Compressive strength loss 
Chindaprasirt, Paisitsrisawat and Rattanasak (2014), O’Connell 
et al. (2012), Binici et al. (2012), Sata et al. (2012), Berndt 
(2011), Durán-Herrera (2011), Fan et al. (2010), Hagelia et al. 
(2009), Torgal et al. (2009), O.Mohamed et al. (2009), Assaad 
Abdelmseeh et al. (2008), Bassuoni and Nehdi (2007), 
Hewayde et al. (2007) , Chang et al. (2005), Xie et al. (2004), 
Al-Amoudi (1997), Fattuhi and Hugges (1983) 
 Scanning Electronic 
Microscopy (SEM)  
 Energy-Dispersive X-ray 
analysis (EDX)  
 X-ray mapping 
 
Chindaprasirt, Paisitsrisawat and Rattanasak (2014), O’Connell 
et al. (2012), Sata et al. (2012), Girardi et al. (2011), Girardi et 
al. (2010),  Roziere et al. (2009), Li et al. (2009), Abdel-
Mohsen O. Mohamed, M.E. Gamal (2009), Gorninski et al. 
(2007), Bassuoni and Nehdi (2007), Chang et al. (2005), Xie et 
al. (2004), Tulliani et al, (2001),  Beeldens et al. (2001), Al-
Amoudi (1997), Attiogbe and Rizkalla (1988), Torii K. and 
Kawamura (1994) 
 X-ray diffraction (XRD), 
Makhloufi et al. (2012), Ariffin et al. (2013), Sata et al. (2012), 
Girardi.et al. (2010), Abdelmseeh et al. (2008), Bassuoni and 
Nehdi (2007), Al-Amoudi (1997), Torii K. and Kawamura 
(1994) 
“DIF” 
ferential scanning calorimetry 
(DSC) 
Bassuoni and Nehdi (2007), Torii K. and Kawamura (1994) 
Fourier-transform infrared 
 (FT-IR) 
Ariffin et al. (2013), Li et al. (2009) 
Thermogravimetry (TGA/DTG) 
Chindaprasirt, Paisitsrisawat and Rattanasak (2014), Ariffin et 
al (2013) 
Expansion test 
O’Connell et al. (2012), Girardi et al. (2010), Girardi and 
Maggio (2011) 
 Mass loss 
O’Connell et al. (2012), Binici et al. (2012), Girardi and 
Maggio (2011), Girardi et al. (2010), Fan et al. (2010), Roziere 
et al. (2009), Torgal et al (2009), O.Mohamed et al (2009), 
Hewayde et al. (2007), Fattuhi and Hugges(1983), Bassuoni 
and Nehdi (2007),  
Chang et al. (2005), Belie et al. (2004) 
Permeability test Binici et al (2012), Berndt (2011) 
Nondestructive ultrasonic test Fan et al. (2010) 
 Elastic modulus Durán-Herrera (2011), Fan et al. (2010) 
Volume loss Hagelia et al. (2009), Assaad Abdelmseeh et al. (2008) 
 Measurement of the pH and 
chemical components in the 
solution 
Assaad Abdelmseeh et al. (2008), Xie et al. (2004), Belie et al. 
(2004) 
 Flexural strength loss 
Durán-Herrera (2011), Gorninski et al. (2007), Beeldens et al. 
(2001) 
 Tensile strength test Durán-Herrera (2011), Fan et al. (2012) 
 Phenolphthalein test Girardi et al. (2010), Fan et al. (2010) 
Determined neutralized depth Xie et al. (2004) 
 Change of dimensions and 
roughness 
Belie et al. (2004) 
* The tests with   are the ones chosen for this research. 
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Table 2.8 Summary of acid concentration and duration of exposure for some of previous 
research 
 
Researcher (Year) 
 
PH/(Con %) Period of Exposure 
Specific Feature of 
Research 
Yuan et al. (2013) 1 90 days Degradation modelling 
Ariffin et al. (2013) 2% 18 months Geopolymer 
Makhloufi et al. (2012) 1% 180 days Limestone mortar 
Shengyuan et al. (2012) 2- 4 150 days Theory model 
Girardi and Maggio (2011) 2 3 years 
Effect of Aggregate 
Type 
Abdel-Mohsen and Maisa (2009) 
20%,40%, 
70%,98% 
7 days Sulphur polymer con 
Hewayde et al. (2007) 3%, 7% 56 days Effect of Admixtures 
Aydın et al. (2007) 5% 60 days 
Investigation of FA in 
concrete 
Chang et al. (2005) 1% 168 days Lime stone aggregate 
Freidin (1999) 10-70% 
30, 90,180,365,730 
days 
Silica concrete (SC) 
Torii and Kawamura (1994) 2% 365 days 
Effect of FA and SF on 
AR 
Fattuhi and Hughes (1983) 1% 176 days Admixtures/ Coating 
2.11. Long Term Degradation Prediction for Acid Exposed 
Concrete 
Prediction of concrete degradation over time period of exposure to sulphuric acid is 
out of the scope of this project. However, it is worth mentioning that there is some 
research available in this regard and it is generally believed that the degradation 
depth of concrete due to acid attack including sulphuric acid attack is proportional to 
the square root of the exposure time  as follows (Pavlík 1994). 
y = b√t (2-7) 
Where, y is the degradation depth. t represents the exposure time (in months) in acid 
solution and b is a constant. This constant is different for each experiment. For 
instance, Yuan et al. (2013), reported this constant to be 2.5 for the acid with the 
concentration of 1% and hence, the equation would be as  y=2.5 mm √ month. 
However, firstly the depth of penetration of acid depends on the concentration of 
aggressive agents (Girardi, Vaona & Di Maggio 2010), hence, difference in  constant 
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“b”. Secondly, the rate of penetration of acid decreases by passing time due to 
formation of gypsum and its pore filling role in acid affected  layers. In fact, 
formation of gypsum after exposure to acid in external layers, makes the concrete 
sample less penetrable to the aggressive agents (Yuan et al. 2013). 
2.12. Investigation of Concrete Subjected to Elevated 
Temperatures 
 Change of Compressive Strength 
Influence of elevated temperatures on mechanical properties of concrete is of vital 
importance for fire resistance studies and also for understanding the behaviour of 
containment vessels, chimneys, nuclear reactor, pressure vessels during service and 
ultimate conditions structures like storage tanks for crude oil, hot water, coal 
gasification, liquefaction vessels used in petrochemical industries, foundation for 
blast furnace, coal and coke industries, furnace walls, industrial chimney, air craft 
runways, etc. subjected to elevated temperatures. Concrete structures including walls 
and pipes may also be exposed to elevated temperatures which may result in 
significant damage. Hence to predict the response of structure after exposure to 
elevated temperature, it is essential that the strength properties of concrete subjected 
to elevated temperature be clearly understood (Pathak & Siddique 2012a). 
There have been a vast number of studies regarding the behaviour of concrete at 
elevated temperatures. Comprehensive reviews have been presented by several 
researchers (Akca & Özyurt Zihnioğlu 2013; Bazant & Kaplan 1996; Chen, GM et 
al. 2014; Jameran et al. 2015; Khan 2002; Khoury 2000; Kong & Sanjayan 2010; 
Kong, Sanjayan & Sagoe-Crentsil 2007; Lie & Chabot 1993; Pan, Sanjayan & Kong 
2012; Pathak & Siddique 2012b; Rashad 2015; Xing et al. 2015).  
Compressive strength of concrete is believed to be its most significant property. 
Several factors have been identified to be responsible for loss of compressive 
strength with increasing temperature: aggregate damage, weakening of the cement 
paste-aggregate bond, and weakening of the cement paste due to an increase in 
porosity on dehydration, partial breakdown of the calcium-silicate-hydrate (C-S-H) 
gel, chemical transformation on hydrothermal reactions, and development of 
cracking. One positive aspect of concrete at high temperatures is the influence of 
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initial compressive stress (Khoury & Algar 1998; Schneider & Herbst 1989) which 
places the material into compression, 'compacts' the concrete during heating, and 
restrains the development of cracks. 
A number of models exist in the literature (Hertz 2005; Li, L & Purkiss 2005; Lie & 
Chabot 1993; Lin, CH, Chen & Yang 1995) that figures out the compressive strength 
of concrete at elevated temperatures. These models are based on the experimental 
results of compressive strength tests from concrete specimens heated to prescribed 
temperatures. Among the models available, the Hertz (2005) model is found to be the 
most comprehensive, since it accounts for the effect of aggregate type and initial 
compressive stress (Youssef & Moftah 2007).  
Some additional comments on the compressive strength of concrete at high 
temperature are provided by other researchers. For instance, it was reported that the 
original strength and water-cement ratio do not significantly affect strength loss at 
high temperatures; the type of cement has little effect on strength loss at high 
temperatures; the maximum aggregate size appears to have a minor effect on strength 
loss at high temperatures; the rate of heating has little effect on strength loss so long 
as temperature gradients are maintained below 10 °C/ mm; residual strengths 
obtained after heating and cooling are less than values for concretes tested at elevated 
temperatures (Schneider & Herbst 1989).  
However, there are some disagreements regarding the effect of maximum size of 
aggregates and the W/C ratio in some other research works.  For example, Akca and 
Özyurt Zihnioğlu (2013) have mentioned  that lower water to cementitious materials 
ratio leads to lower porosity and this decreases permeability of concrete. With the 
increase in temperature, water in the pores of concrete evaporates and consequently 
pressure within the cement paste increases. Low permeability of some concretes 
limits the diffusion of water vapor from the concrete pores and therefore, pore 
pressure continues to increase until the internal stresses reach the tensile strength of 
concrete and eventually causes spalling. 
Moreover, Pan, Sanjayan and Kong (2012)  reported the effect of maximum size of 
aggregates on spalling the concrete samples subjected to elevated temperatures. 
According to their investigations, the concrete containing 10 mm aggregates spalled 
,whereas, the ones with 10 mm aggregate did not spall. 
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Chen, GM et al. (2014) have investigated the compressive behaviour of steel fibre 
concrete (with different percentages of steel fibres) with recycled aggregates 
subjected to elevated temperature, namely, ambient , 200, 400 and 600 °C. Typical 
diagrams for the compressive strength loss and relative compressive strength versus 
temperature are depicted in Figure 2.20. In this figures, NC is normal concrete and 
the other samples are concrete with recycled aggregates and 0%, 0.5%, 1.0% and 
1.5% of steel fibres. 
 
(a) 
 
(b) 
Figure 2.20 Changes of compressive strength for different types of concrete samples, (a) 
Compressive strength loss and (b) relative compressive strength versus Temperature (Chen, 
GM et al. 2014) 
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 Microstructure Variations due to High Temperature 
Exposure of concrete to high temperature accounts for linkage of material properties 
(such as strength, stiffness, coefficient of thermal expansion, thermal diffusivity, and 
moisture diffusivity, etc.) with sophisticated micro-structural variations, such as the 
transformation of constituent phases. Investigation of changes at micro-structure 
level with temperature is essential for better understanding of the characteristics of 
concrete exposed to high temperatures.  
According to Xing et al. (2015): “Under high temperature, chemical composition, 
physical structure and moisture content of concrete change and the thermal properties 
of concrete are modified. These changes are observed in the cement paste and in the 
aggregates and at the paste–aggregate interface. Heating up to high temperatures 
causes the dehydration and decomposition of C–S–H gels (150–300 C), Portlandite 
(450 C) and calcium carbonate (700 C) of the hardened cement paste. Aggregates 
also lose their evaporable water and hydrous aggregates dehydrate at high 
temperatures (e.g. goethite dehydrate from 250 C), and undergo crystalline 
transformations accompanied by a significant volume expansion (e.g. quartz a–b 
transformation)”. 
Kong, Sanjayan and Sagoe-Crentsil (2007) performed a comparative study between 
fly ash based and metakaolin geopolymer concretes subjected to elevated 
temperature. They employed thermogravimetric, scanning electron microscopy 
(SEM) and mercury intrusion porosimetry tests in their study and concluded better 
performance for fly ash based geopolymer concrete comparing to the metakaolin 
based one. They attributed this result to the difference between the microstructure 
and the pore distribution of the two mixes, as the role of pores in concrete mixtures is 
to facilitate the escape of moisture when specimens are heated.  
Piasta, Sawicz and Rudzinski (1984) investigated the microstructure and phase 
composition of cement pastes from 20-800 °C and also reactions of Ca(OH)2, 
CaCO3, C-S-H, non-evaporable water and microspores to heat using thermal 
analysis. The heating process was done on the dried specimens and after reaching the 
target temperature (in the range of 200 °C to 800 °C in intervals of 100 °C), the 
specimens were kept undisturbed for 3 hours.  
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They noticed that water content in cement paste decreases up to 600 °C and above 
this temperature, water content holds fairly consistent with a slight increase. Between 
100-300 °C, a high pressure in the paste is generated due to creation of water vapour. 
Since steam is mostly liberated in this range of temperature, an internal autoclaving 
ideal condition is formed which leads to further hydration of unhydrated cement 
grains.  
Different sensitivities of TG and X-ray methods to cement paste structure, results in 
different patterns of increasing or decreasing between 200 °C and 300 °C. Decrease 
of Ca(OH)2 in favour of CaCO3 causes increase of carbonization kinetics of Ca(OH)2 
in the range of between 200-500 °C. Between 450 °C and 550 °C, calcium oxide 
emission happens which is responsible for decomposition of non-carbonized 
Ca(OH)2. 
Effect of air humidity on free lime CaO  which is formed in the temperature range of 
500-800°C, results in growth of Ca(OH)2 content. CaCO3 undergoes a slight decrease 
above 500 °C. According to Tsivilis et al. (1998) study, decomposition of 
CaCO3begins between 600-800 °C and ends up by increase in CaO content. 
2.12.2.1. Porosity 
The porosity of cement paste does also change due to exposure to heat.  The porosity 
tests results of a cement paste between 20-800 °C are depicted in Table 2.9 and as 
expected, the lowest porosity corresponds to the room temperature. 
None of the total porosity or distribution in pore size is affected at 200 °. The 
percentage of pores with diameter bigger than 7500 nm rise between 300-500 °C, 
contributing to significant increase of total with its counterpart mercury porosity.  
There is a decrease in the 5-10 nm pores and an increase in 25-75 nm pores in 
mercury porosity. In temperatures of 300-500°C, the pores with 500nm and higher 
diameter are increased due to micro-cracks formation. The total porosity doubles at 
600 °C and capillary pores illustrate a significant rise. Two chemical processes result 
in such rapid increase: water liberation from the Ca(OH)2 decomposition and CO2 
liberation from the CaCO3dissociation. Maximum of total porosity occurs at 700 °C 
and decreases at 800 °C. 
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Table 2.9 Porosity and Pore Size Distribution (Piasta, Sawicz & Rudzinski 1984) 
Property 
Temperature [°C] 
20 100 200 300 400 500 600 700 800 
Total porosity (cm3/g) 0.101 0.116 0.115 0.122 0.135 0.147 0.211 0.245 0.223 
Mercury porosity 
(cm3/g) 
0.083 0.098 0.089 0.105 0.109 0.107 0.153 0.189 0.159 
Percentage of pores in 
radius intervals: 
                  
                  
5-10 (nm) 10 6.7 4 5.1 4.6 3.6 2.4 4.1 1.6 
10-15 6.4 6.7 5.4 6.5 5.4 3.8 3.7 3.7 3.3 
15-25 10.4 11.3 11.7 9.9 13.4 10.3 10.6 7.8 7 
25-50 17.7 25.1 24.2 16 21.3 20.4 20.4 17.6 16.1 
50-75 10.2 19.5 20.2 12.5 14.1 17.5 15.4 12.7 12.9 
75-100 5 6.6 7.7 5.3 5.8 7.4 6.4 5.9 7 
100-150 7.2 6.6 7.9 6.3 7.5 8.2 8 6.5 7.7 
150-250 18.9 12.9 12.5 14.4 15.3 14.4 12.5 10.4 11.7 
250-500 11.2 3.8 5.8 20.1 10.3 11 16.7 26.1 21.3 
500-1000 2 0.2 1.8 2.3 1.6 2.2 2.9 4.3 10.5 
1000-7500 0.8 0.7 0.9 1.1 0.7 1.2 1.1 1 0.9 
Schneider and Herbst (1989) proposed a temperature protocol in which the hydrate 
phase of paste is presented. However, decomposition of CaCO3 has a different 
temperature range from that of Lach (1970) and Tsivilis et al. (1998) which is 
considered between 600-800 °C. On the other hand, the results show similarity with  
Piasta, Sawicz and Rudzinski (1984) in which decomposition temperature proved to 
be 500 °C. 
2.12.2.2. Heat deformation  
Heat deformation in micro and macro phase is one of the major causes of concrete 
failure. Differential thermal expansion in hardened cement paste condition leads to 
micro-cracking on boundary condition which in turn results in failure of concrete 
structure. 
Piasta, Sawicz and Rudzinski (1984) investigated the characterization of deformation 
due to heat exposure of cement paste. The results of heat deformation intensity 
(DTD) and differential thermal analysis (DTA) in the range of 20- 900 °C, show that 
C3S , C3A and C4AF have not undergone any chemical reaction while β − C2S show a 
considerable deformation between 630-700 °C. 
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There is a linear expansion pattern for all clinker materials except for β − C2SH 
whose behaviour is nonlinear between 600-700 °C. The lowest expansion contributes 
to 𝐶3A  and Portland cement has the highest thermal expansion.  
The common trend of hydrated minerals is different from that of unhydrated clinkers. 
Between 20-200 °C, both hydrated and unhydrated materials have low thermal 
expansion, but after 200 °C their contraction at different intensities begins. β − C2SH 
has the lowest contraction while Ca(OH)2 has the highest expansion from 200 °C to 
450 °C and after that begins to shrink. Hydration shrinkage continues up to 
dehydration temperature followed by expansion of hydrates with increasing 
temperature trend.  
In general, all materials have an expansion up to beginning of dehydration followed 
by shrinkage of the hydrated materials until full dehydration and after that, expansion 
of hydrates continues up to 800 °C. At 550 °C to 600 °C, full dehydration of 
hydrated material occurs. Beyond this temperature, rise in temperature causes 
material expansion. The unhydrated materials have a thermal expansion during all 
heat exposure period which in turn, together with shrinkage of hydrated components, 
results in stress concentration of boundaries followed by microcracks.  
Piasta, Sawicz and Rudzinski (1984) used SEM technique for further investigation, 
by which the first micro-cracks were observed around Ca(OH)2 at 300 °C. At 400 
°C, the number of micro-cracks was considerable between the cement paste and 
unhydrated materials. The interior of unhydrated particles was fully destroyed. 
Significant cracking caused by rehydration of the free lime (Cao), with 44% 
expansion in volume was observed.  
2.12.2.3. Scanning Electron Microscopy (SEM) 
Lin, WM, Lina and Powers-Couche (1996), used SEM for investigation of 
microstructure of concrete at elevated temperatures. Beyond 100 °C temperature, 
cohesive forces between layers of C-S-H and gel surface were reduced by evaporable 
moisture. There was no considerable crack for samples experiencing temperature 
below 200 °C. Crystal collapsed as a result of fire exposure of 400 °C. Between 440-
580 °C, vaporization of free water and dehydration of calcium hydroxide results in 
internal pressure.  
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Beyond 350 ºC, calcium hydroxides dissociate into lime (CaO) and water which 
culminate in damages as expansion of free lime during cooling. Between 440-580 
°C, Dihydroxylation of calcium hydroxide happens significantly (Figure 2.21b). 
  
(a) (b) 
Figure 2.21 Cracks and honey combs after (a) 400 and (b) 500 ºC exposure (Lin, WM, Lina & 
Powers-Couche 1996) 
  
(a) (b) 
Figure 2.22 Cracks and honey combs after (a) 900 ºC and (b) 900 ºC and water cooling (Lin, 
WM, Lina & Powers-Couche 1996) 
According to Figure 2.22, remarkable shrinkage, cracks and honeycombs are visible 
in concrete at 900 ºC and above that; there was a different microstructure between 
under water-curing and air-curing samples which was due to presence of water. 
Wang, XS, Wu and Wang (2004), utilised SEM for investigation of the initiation and 
propagation of cracks and micro cracks of high performance concert (HPC) exposing 
to high temperature up to 500 ºC under 200N axial compressive load. The loose 
deformation of concrete is restricted by the compressive load. Applied load and high 
temperature proved to affect micro cracking. As temperature rises, significant cracks 
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form around the aggregate which results from changes in properties along the ITZ 
and dilation differentials. Between 100 ºC and 200 ºC, micro cracking begins in 
loading direction which didn’t continue in the same direction from 300-500 ºC while 
the combination of C-S-H becoming soft and increased adhesion between intermixed 
and hydrated phases and begins to close cracks. Therefore, for HPC, the 200 ºC is 
considered as a critical temperature for the formation of micro-cracks.  
Akca and Özyurt Zihnioğlu (2013) obtained very interesting results using SEM in 
their study on the fire performance of a type of high performance concrete (HPC) 
subjected to elevated temperatures. They used Polypropylene (PP) fibres and air 
entraining admixture to create interconnected reservoirs in HPC and hence, improve 
its fire performance. Figure 2.23 represents selected SEM images from their research 
work showing the interface between the cement paste and aggregates, cracks in 
cement paste and aggregates after exposure to 900 C and the role of PP fibres in 
bridging the air voids particularly, at high temperature and when they are melted.  
  
(a) (b) 
  
(c) (d) 
Figure 2.23 SEM images of (a) matrix aggregate interface of the specimens at room 
temperature, (b) distributed cracks on the surface of the spec heated to 900°C, (c) a PP fibre 
passing through an air void and (d) a micro-channel formed after heating  
Paste cracks 
Severely 
cracked 
sand 
particle
s 
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2.13. The Split Hopkinson Pressure Bar (SHPB) Test 
Many reinforced concrete (RC) structures during their life time may be subjected to 
short-duration dynamic loads originating from impacts by missiles, impulsive loads 
due to air blasts, falling heavy loads, etc. The dynamic behaviour of the structures 
under impact is generally very complex and closely related to the type of structure 
and the characteristic of material used in the structure (Zhan, Wang & Ning 2015).  
Such loads are associated with medium to high stain rates.  
The split Hopkinson pressure bar (SHPB) technique has widely been used to study 
dynamic mechanical properties of materials at the loading rate of intermediate strain 
rates (Frew, Forrestal & Chen 2001; Tekalur et al. 2009; Wang, Z, Wu & Wang 
2010; Wang, ZL, Liu & Shen 2008; Xu, Hao & Li 2012; Zhao 1998) since it was 
firstly proposed by Kolsky in 1949.  
The fundamental principle behind SHPB test is the propagation theory of elastic 
stress-wave  in a thin and long bar (Su & Xu 2013), based on two assumptions; 1: 
One-dimensional stress wave propagation and, 2: Stress uniformity along the 
specimen thickness (Zhu, Hu & Wang 2009). Figure 2.24 shows the schematics of 
SHPB device. More details about the SHPB apparatus and required test set up will be 
provided in Chapter 3. 
In the previous research, failure modes during the SHPB tests have been recorded 
and analysed by high speed cameras. Figure 2.25 shows a sample of these images 
reported by Hao and Hao (2013). 
 
Figure 2.24  Schematics of Hopkinson pressure bar device (Zhu, Hu & Wang 2009) 
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100 µs 200 µs 
Figure 2.25  Failure modes of a type of concrete during SHPB test captured by high speed 
cameras (Hao & Hao 2013) 
In addition to studying the failure mechanism, as  mentioned above, in previous 
research, peak load, stress and strain rates (stress and strain over time), stress-strain 
curves, energy absorption and dynamic increase factor (DIF) for compressive 
strength of concrete subjected to impact load in SHPB tests have been also studied 
for different types of concretes particularly the fibre reinforced concretes (FRCs) 
(Hao & Hao 2013; Xie et al. 2014).  
The dynamic increase factor (DIF), defined as the dynamic compressive strength 
divided by the corresponding quasi-static strength. DIF is used to describe the strain-
rate effects on compressive strength (Su & Xu 2013). Figure 2.26 shows a typical 
stress-strain curve obtained from SHPB tests and calculated energy absorption from 
the same test, respectively. A summary of DIF for compressive strength and Young’s 
modulus of plain concrete at different strain rates (Hao & Hao 2013) is provided in 
Table 2.10. 
  
(a) (b) 
Figure 2.26 (a) Stress-strain curves and (b) energy absorptions, for concretes with different 
amounts of fibres obtained from SHPB test (Hao & Hao 2013) 
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Table 2.10 Summary of DIF for compressive strength and Young’s modulus of plain concrete at 
different strain rates (Hao & Hao 2013) 
 
2.14. Structural Performance Investigations 
Numerous researches have been conducted on different types of concretes aiming at 
investigation of structural performance. Flexural behaviour of RC members is a key 
factor in design of such structures. Three-point and four-point bending tests (whether 
under the cyclic loading or monotonous one) are the most common tests in the 
laboratory to evaluate the flexural performance of RC beams.  
In the first part of this section, a summary of some previous flexural tests on RC 
beams are discussed. The behaviour of RC beam-column joints have been of interest 
to many researchers. The main focus of these research works have been ductility and 
energy dissipation in the joints. In the second part of this section, some research 
works on beam-column joints subjected to cyclic loading is presented. 
Before discussing the two above-mentioned parts, a brief summary about the 
“Ductility” concept and its importance in RC structures is presented. 
 Ductility of the Structure 
Ductility of a structure is the ability of a structure to sustain its load-carrying 
capacity and dissipate energy when responding to cyclic displacements in the 
Strain rate (1
S-1
) DIF for compressive strength DIF for Young's mudulus
1.31 × 10 -4 1.03 1.02
1.35 × 10 -4 0.97 0.98
65.4 1.5 0.94
70.7 1.27 1.09
79.1 1.52 1.11
79.2 1.31 1.12
90.2 1.61 1.08
98.7 1.85 1.07
99.1 1.74 1.16
99.4 1.93 1.15
103.8 1.66 0.99
131.3 1.79 1
135.6 1.82 1.21
141.9 1.77 1.33
163.6 2.55 1.3
177.3 2.3 1.33
175.4 2.3 1.29
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inelastic range during an earthquake (AS3600 2009). Ductility is a desirable 
structural property because it allows stress redistribution and provides warning of 
impending failure. It also absorbs significant amount of energy through plastic 
deformation under cyclic loads.  
 Structural Ductility Factor (μ)  
Structural ductility factor is the numerical assessment of the ability of a structure to 
sustain cyclic displacements in the inelastic range. Its value which is a number 
between 1.5 -3 for the structures designed according to AS3600 (2009) depends upon 
the structural form, the ductility of the materials and structural damping 
characteristics. 
 Flexural Tests of RC Beams  
Many researchers have used three-point and/or four-point bending tests to investigate 
structural behaviour of different types of RC beams. In most of the previous 
experimental works, ultimate load-bearing capacity and deflection, general load-
deflection behaviour and ductility, crack patterns and failure modes have been of 
interest. Studying various parameters such as reinforcement ratio, effect of different 
fibres such as steel fibres and so on are some examples of these research works (Du, 
Cullen & Li 2013; Maranan et al. 2015; Mertol, Baran & Bello 2015).  
Crambuer et al. (2013) have used four-point cyclic loading test on RC structures, 
rather than hammer test, to study energy dissipation and to quantify the hysteretic 
damping of each cycle. In their research, they mentioned two different methods to 
quantify the energy dissipation related to hysteretic phenomenon and calculated the 
equivalent viscous damping ratio by means of the Equations (2-8) and (2-9) and as 
shown in Figure 2.27. 
εeq= 
Ah
4πAe
 = Ah
2πVmDm
  
with 
(2-8) 
Vm= 
1
2
(|Vmax|+|Vmin|)  
Dm=
1
2
(|Dmax|+|Dmin|) 
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In abovementioned Equations, Ah stands for the dissipated energy within a given 
cycle, Vm and Dm are the mean values of the peak force and displacement, Vmax, Vmin 
and Dmax, Dmin are, respectively, the maximum and minimum values of the peak 
force and displacement and Ae is the elastic strain energy stored in the equivalent 
linear elastic system having an effective stiffness equal to keff = Vm/Dm (Refer to 
Figure 2.27). 
 
Figure 2.27 Computation of the equivalent viscous damping ratio for a random cycle –adapted 
from Crambuer et al. (2013) 
The second Equation used  by Crambuer et al. (2013) to quantify the equivalent 
damping ratio is as follows and according to Figure 2.27. 
εeq=
 1
π
 
Ahalf-loop
VmaxDmax
 (2-9) 
Fantilli, Iori and Vallini (2007) have proposed a numerical model to evaluate the 
behaviour and ductility of RC beams. In their research they have focused on the size 
effect of compressed concrete in four-point bending test. They mentioned that the 
mechanical response of concrete specimens subjected to uniaxial compression can be 
divided into two stages , firstly, when the stress is lower than the concrete strength fc 
and the material can be considered undamaged  and the second stage begins as soon 
as the peak stress is reached and localised damage develops in the element in which 
the progressive sliding of two blocks of concrete and the softening branch are 
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evident. They found good agreements between the results of their proposed model 
with the previous experimental work.  
 Beam-Column Joints 
Beam–column connection, as a vital structural sub-assemblage in RC moment-
resisting frame structures, plays a very crucial role during severe loading events such 
as earthquake.  Furthermore, the well-known design philosophy of strong-column 
weak-beam only works properly if this component of RC structures performs as 
intended without any brittle failure (Eslamihassanabadi 2013). 
To evaluate the performance of beam–column connections during earthquakes, most 
of the previous researchers have used cyclic loading tests, focusing on energy 
dissipating capacity of different types of joints (Corinaldesi, Letelier & Moriconi 
2011; Durrani & Wight 1985; Joshi, Murty & Jaisingh 2005; Letelier & Moriconi 
2014; Metelli et al. 2015; Nie, Bai & Cai 2008; Ruiz-Pinilla et al. 2014). 
Joshi, Murty and Jaisingh (2005) investigated four full-scale beam–column joints 
under cyclic loading in order to identify a suitable technique for connecting precast 
beam and column components. Durrani and Wight (1985) reported the results of an 
experimental investigation on the performance of a beam–column joint under 
earthquake-type loading Nie, Bai and Cai (2008) tested six beam–column joints for 
proposing a new connection system for concrete filled steel tube composite column 
and RC beams. Barbhuiya and Choudhury (2015) have evaluated and proved the 
existence of size effect on energy dissipation of beam-column joints.  
Energy dissipating capacity of a specimen could be considered a very important 
property as during the occurrence of an earthquake, energy is dissipated by the 
hysteretic behaviour of the specimens. Energy dissipating capacity has been studied 
by previous researchers (Nehdi, Alam & Youssed 2010; Qudah & Malalej 2014). 
Figure 2.28 and Figure 2.29 show applied forces and a typical hysteretic response 
diagram for beam-column joints in these test.   
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Figure 2.28 Applied forces to investigate the energy dissipating capacity of a beam-column joint 
(Barbhuiya & Choudhury 2015) 
 
Figure 2.29 A sample of hysteretic response for a beam-column joint (Barbhuiya & Choudhury 
2015) 
There are numerous studies available on retrofitting the beam-column joints by use 
of different methods such as FRP composites (El-Amoury & Ghobarah 2002; 
Eslamihassanabadi 2013; Geng et al. 1998; Mukherjee & Joshi 2005) which 
emphasize on the importance of appropriate performance of this structural 
component.  
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2.15. Concluding Remarks 
The need for development of different novel concretes for particular applications and 
the inevitable global trend toward greener construction materials have led to so much 
research in this area. The main focus of these research works has been on reduction 
of Portland cement in concrete and enhancement of concrete properties such as 
strength, ductility and resistance to harsh environments etc. 
Hydration process of cement paste has a crucial role on concrete properties. Different 
microstructural tests such as SEM, EDS, and XRD etc. have been employed to study 
the microstructure and chemical components of concrete. Voids, microcracks, ITZ 
and crystalline phases are the areas of interest when looking at the microstructure of 
concrete. Investigation of chemical elements by use of EDS and chemical phases by 
means of XRD also gives us valuable information about the chemistry of concrete 
which reflects in its properties. 
Partial replacement of cement by Supplementary Cementitious Materials (SCMs) 
such as fly ash or silica fume generally leads to improvement in many properties of 
concrete particularly, the concrete resistance to harsh environments. Sulphuric acid is 
one of the most corrosive agents that degrades concrete due to chemical reactions in 
cement paste and formation of gypsum, ettringite and decalcification. These 
reactions are expansive and cause cracks inside the concrete. On the other hand, 
some products resulting from these reactions like gypsum has no compressive 
strength and causes the loss of strength and elastic properties of concrete. 
Numerous research undertakings have aimed at the enhancement of acid resistance of 
different concretes by use of sulphate resistant (SR) and high alumina cements, 
SCMs, change of W/C and aggregates and development of polymer and geopolymer 
concretes. However, to date, there is no standardised concrete for structural 
applications in highly acidic environments with the PH of less than 4 (Section 2.8.3) 
and in such environments, construction has to be avoided or old fashioned protective 
precautions such as coating should be applied which have potential for high cost of 
repair and maintenance. 
There is also no standard method to investigate the resistance of concrete to sulphuric 
acid. Hence, the majority of previous researchers have developed accelerated test 
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procedures in laboratory and investigated concrete properties before and after 
exposure to sulphuric acid. Compressive strength loss, mass loss and microstructural 
study of concrete are the most common types of previous investigations in the 
abovementioned accelerated tests. However, some other tests such as splitting tensile 
strength, flexural strength, modulus of elasticity Phenolphthalein test and etc. 
(summarised in Table 2.7) have also been employed for this purpose. Based on the 
focus of this project, investigation of structural performance, and available facilities 
in the laboratory, some of them have been chosen that are marked in in Table 2.7. 
Fire resistance of structural concrete is of importance as any structure is exposed to 
some fire risk in its life time. Concrete loses its compressive strength with increasing 
temperature during fire due to aggregate damage, weakening of the cement paste-
aggregate bond, and weakening of the cement paste. High temperatures can cause 
increases in porosity, partial breakdown of the calcium-silicate-hydrate (C-S-H) gel, 
chemical transformation on hydrothermal reactions, and development of cracking in 
concrete that all contribute to loss of strength and possible failure. 
The split Hopkinson pressure bar (SHPB) technique has been used to study dynamic 
mechanical properties of concrete subjected to impulsive loads. Failure mechanism, 
peak load, stress and strain rates, stress-strain behaviour, energy absorption and 
dynamic increase factor (DIF) for compressive strength of concrete subjected to 
impact load have been studied in SHPB tests.  
Three-point and four-point bending tests are two of the most common tests to study 
the structural behaviour of RC beams. In these tests load-deflection behaviour, 
ductility, crack patterns and failure modes of RC beams are usually of interest. 
Normal concrete is a brittle material that can impose sudden failure on structures. 
Ductility is a desirable structural property that allows stress redistribution and 
provides warning of impending failure. Ductile material does also absorb energy 
subjected to cyclic loading through plastic deformation. Hence, researchers in 
concrete area have been trying to make   concretes with higher ductility by means of 
fibre addition and so on.  
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 Material Properties 
3.1. Introduction 
Material properties of acid resistant mortar (ARM), acid resistant concrete (ARC) 
and conventional concrete (CC) have been evaluated in the laboratory with focus on 
ARC as a novel newly-developed material for structural applications. 
Mechanical properties including compressive strength, modulus of elasticity (MOE), 
tensile strength (Brazil split), and modulus of rupture (MOR) were assessed for all 
types of materials under both normal and accelerated corrosive environments.  
Acid resistance of concretes were mainly evaluated through studying changes of 
mechanical properties, mass loss and some other qualitative investigations by use of 
Thymol blue indicator and hardness tests after exposure to harsh environment.   
Drying shrinkage, fire resistance (under elevated temperature) and impact resistance 
(subjected to high strain dynamic loading), were also studied independent of acid 
resistance characteristic.  
This chapter includes two main parts. First part includes the introduction of materials 
and description of material properties tests. In the second part, results and 
discussions of the material properties tests are presented followed by the conclusion 
of the chapter. 
3.2. Experiments Description 
 Test Materials 
3.2.1.1. Conventional Concrete (CC) 
Conventional concrete (CC) was supplied by Concrite Pty Ltd, NSW Australia. Its 
characteristics are shown in Table 3.1. The cement and fly ash used in CC were 
shrinkage limited Portland cement and low calcium fly ash (type F). The coarse 
aggregates were sourced from Dunmore Quarry, NSW, Australia and fine aggregates 
included 600 kg/m3 of Nepean river sand and 150 kg/m3 of Kurnell sand. The 
grading of the aggregates is shown in Table 3.2 (Complied with AS 2758.1 
specifications and limits).  
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Table 3.1  Characteristics of the conventional concrete (CC), (provided by the manufacturer) 
Characteristic 
compressive 
strength (MPa) 
Cement 
(kg/m3) 
Fly ash 
(kg/m3) 
Coarse 
aggregate 
(kg/m3) 
Fine 
aggregate 
(kg/m3) 
Water/Cement 
Ratio 
Water reducing 
admixture 
 (L/m3) 
32 350 150 960 661 0.4 2.3 
Table 3.2  Aggregates grading, density and absorption (Provided by the manufacturer) 
Sieve aperture 
Fine aggregate 
 Coarse aggregate  
 10 mm (nominal size)  
Limits Passing  Limits Passing  
[%] [%]  [%] [%]  
13.2 mm - -  100 100  
9.5 mm - -  85-100 87  
6.7 mm - -  40-60 50  
4.75 mm 95-100 100  0-20 11  
2.36 mm 70-90 86  0-5 3  
1.18 mm 55-75 67  - 2  
600 µm 40-60 41  - -  
300 µm 12-30 18  - -  
150 µm 4-14 8  - -  
75 µm - -  - -  
Density (Dry)(t/m3)  2.61   2.68  
Absorption [%]  0.7%   1.6%  
 
In order to improve the workability and performance, a water reducing admixture 
(WR) under commercial brand of Pozz 80 from BASF the Chemical Company was 
used at the rate of 400±100 ml/100 kg of cementitious material. Fresh properties of 
concrete including the slump, air content and mass per unit volume were measured 
for the purpose of quality control. The target slump of the concrete was 140 ±10 mm 
and it had the mass per unit volume (MPV) and air content of 2,360 kg/m3 and 1.0 % 
respectively. 
3.2.1.2. Acid Resistant Mortar (ARM) 
The raw material for acid resistant mortar (ARM) was supplied by Parchem for 
Construction Supplies, Australia as ready mixed powder in 20 kg bags (shown in 
Figure 3.1 ) under commercial name of Renderoc-G.  According to the technical data 
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sheet provided by the manufacturer its current application is as acid resistant grout in 
lining sewage systems and for repair purposes.  
  
(a) (b) 
Figure 3.1 Renderoc-G material (a) acid resistant mortar bag and (b) raw powder 
ARM contains less than 10% Portland cement, fly ash, silica fume, GGBS, silicates 
and poly silicates, fine aggregates in addition to different types of fibres and 
admixtures. The exact amounts of the ingredients of ARM have not been mentioned 
due to the confidentiality agreements with the manufacturer. 
Same as conventional concrete, Pozz 80_water reducing admixture (WR), was used 
to control the workability. The mean 28-day compressive strength of ARM for the 
Standard cylinder (100 mm × 200 mm) was 30 MPa and the water to binder ratio in 
ARM was 0.4. 
Several grades of sand and silica sands were used in this composition as obtained 
from different Australian sources. They include sand 16/30, sand 30/60, and Blue 
Circle gravel (1-5 mm), with the latter having the sieve grades shown in Table 3.3. 
The total content of the sand in the composition is about 45% of the powder.  
Table 3.3  Grading of the aggregates in ARM (provided by the manufacturer) 
Sieve (mm) Spec % Retained Passing (%) 
4.75 0-10 1 
2.80 35-65 52 
2.00 35-65 40 
1.70 0-5 4 
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Different types of fibre reinforcing materials of 3-7 mm length were used in the 
composition such as polyvinyl alcohol (PVA), polypropylene (PP) coated and non-
coated fibres and zirconium coated silica fibres. Other encapsulated ingredients such 
as polysilicates, curing accelerating agents, concrete hardening agents and concrete 
admixtures based on polycarboxylate ethers may also be included in the composition. 
To prepare the ARM mortar in the laboratory, firstly, a part (2/3) of the required 
water (3.10 L/ 20 kg of the composition) was added to the mixer. Then, ARM 
composition including all the cementitious materials and aggregates were added and 
mixing procedure started. Afterward, WR was diluted in remaining water and added 
to the mixer. Then, the composition was mixed for 5 minutes before casting (Figure 
3.2). The procedure of casting, vibration and curing were performed the same as for 
the CC. 
  
Figure 3.2 Mixing ARM in laboratory for mechanical properties tests 
3.2.1.3.   Acid Resistant Concrete (ARC)  
The newly developed acid resistant concrete (ARC), is made and evaluated in the 
laboratory for the first time. It consists of the acid resistant mortar (ARM), coarse 
aggregates and admixtures to control the workability and water to cement ratio. The 
ratio of the coarse to fine aggregate and water to binder ratio was 0.5 and 0.4, 
respectively, and it had a slump of 140 ±10 mm. Finding the optimum mix design for 
ARC is out of the scope of this project, however, four coarse to fine aggregate ratios 
namely, 0%, 25%, 50% and 75% were evaluated first and their 7, 28 and 56 day 
compressive strength and drying shrinkage were measured and the best mix with a 
reasonable compressive strength and drying shrinkage (50 %) was chosen for further 
investigation and other experimental tests of this research. ARC had a mass per unit 
volume (MPV) and air content of 2,150 kg/m3 and 0.8 %, respectively. The coarse 
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aggregates in acid resistant concrete (ARC) were similar to control concrete with the 
same grading, type and maximum size of 10 mm. In order to improve the workability 
and performance, apart from the water reducing admixture (WR), Pozz 80, a 
polycarboxylate-ether based high range water reducing admixture (HWR) under 
commercial brand of ViscoCrete®10 from Sika chemical company was also used 
after checking the compatibility with the WR and other ingredients. 
To prepare the ARC, firstly, coarse aggregates and then a part (2/3) of required water 
were added to the mixer and mixing procedure commenced. Then, ARM 
composition was gently added to the mixer. Afterward, the remaining water 
including WR was added. After that, the composition was mixed for 5 minutes. 
Then, the slump was adjusted to 140 mm by addition of HRW. Finally, the 
specimens were cast and vibration and surfacing, finishing and curing were 
performed exactly similar to the CC and ARM. 
 Changes of Mechanical Properties Subjected to Acid 
Compressive strength, modulus of elasticity (MOE) , indirect tensile strength (Brazil 
split), and modulus of rupture (MOR) of CC, ARM and ARC were assessed after 
exposure to both lime water (curing condition) and highly acidic environment as 
accelerated laboratory testing condition. To study the mechanism of acid attack on 
the three types of materials, some other quantitative and qualitative tests were also 
employed. They included investigation of mass and dimension changes in specimens, 
hardness test and acid permeability using Thymol blue indicator, after exposure to 
acid, which will be discussed in details in the following sections of this chapter. 
3.2.2.1. Preparation of Specimens  
All specimens were cast, vibrated, levelled, finished, demoulded and cured in 
accordance with Australian Standards (AS1012). They were under curing condition 
before testing and were taken out of the curing tank or acid just before tests.  
Figure 3.3 shows the period of their curing and exposure to acid. As shown in this 
figure, all concrete samples were cured in lime water (LW) for 28 days. Then, half of 
the specimens were left in curing tanks and half of them were immersed in acid 
solution. At each age, same number of specimens was tested from the acid tank and 
curing tank and compared. 
Material Properties   S. Salek 
 
- 73 - 
Conventional concrete samples were investigated after one, two, three and four 
weeks of immersion in acid. However, specimens from ARM and ARC were tested 
after two, four and eight weeks of exposure to acid, not every week due to high 
resistance to harsh environments and negligible change over one week and also 
shortage of raw materials. As presented in Figure 3.3, CC was not tested after eight 
weeks of exposure to acid. It was due to degradation of concrete. 
 
Figure 3.3 The timeline history of immersion of CC, ARM and ARC specimens in curing 
condition and acid  
Specimens formworks 
For investigation of compressive and indirect tensile strength, the 100 mm × 200 mm 
cylinders and for MOE tests, 150 mm × 300 mm steel cylindrical moulds were used 
(Figure 3.4a). Another type of disposable polypropylene moulds was also used and 
compared to the conventional steel moulds for the future work. They were easier to 
use as they were disposable and hence, no need for cleaning after use, demoulding 
was also faster than the steel moulds. In addition, there was no need for lubrication 
before casting. 
The only concern about these moulds was the possible effect of the mould type on 
the quality of concrete specimens, as their behaviour when vibration was slightly 
different. More air bubbles were visible on the surface of the hardened concrete from 
the plastic moulds. In addition, the cross sections of a small number of specimens 
were not 100% circle-like as the moulds were slightly flexible (those samples were 
excluded from testing).  
0 days
*LW LW Time
LW LW Time
LW LW
LW Acid Time
LW Acid
LW Acid
* LW : Lime Water
Continuous immersion
                 28 days
Procedure of exposure to acid
84 days
Procedure of curing
Continuous immersion
Continuous immersion
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ARC
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ARC
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To evaluate the effect of mould type, when demoulding the specimens, they were 
accurately identified (to realize in which mould they used to be) and then their test 
results of material properties were compared. It was proven that mechanical 
properties of concretes were not affected by change of mould type. This allowed us 
to use the disposable polypropylene moulds since then (Figure 3.4b). 
To evaluate the modulus of rupture (MOR) of the materials, prismatic plywood 
moulds with the dimensions of 100 mm × 100 mm × 400 mm were built in the 
laboratory, sealed and slightly lubricated before casting (Figure 3.4c). 
Acid solution 
Acid solution was sulphuric acid solution with the concentration of 7 % by volume 
(12.8 % by weight) acid. This percentage was chosen according to previous 
accelerated tests on the effect of acid on concrete (Hewayde et al. 2007) and 
considering the time limit of the project. The importance of choosing the right acid 
solution concentration is due to this fact that if the acid concentration is very low, the 
acid effect will be very slow and test procedure takes long and if it is very high, 
deterioration may happen very quickly and, hence, will not allow a detailed study to 
be carried out, as the deterioration of concrete is a function of acid concentration 
according to the previous research (Beddoe & Dorner 2005). 
  
(a) (b) 
 
(c) 
Figure 3.4 (a) Steel cylindrical moulds, (b) polypropylene cylindrical moulds and (c) plywood 
moulds lubricated and ready for casting concrete for mechanical properties test  
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A total of 600 litres of acid solution was prepared for all three specimen types at 
three stages. For each type of samples about 200 litres of acid solution was diluted in 
twelve polypropylene containers with dimensions of 400 mm × 800 mm × 600 mm. 
Two layers of polypropylene spacers were used underneath and between the 
specimens to let all sides of the specimens be exposed and treated by acid equally 
(Figure 3.5). The temperature of the laboratory was kept at 20 ± 1 C and the relative 
humidity was 50 ± 5 %. 
Procedure of dilution of acid solution  
To prepare the acid solution from pure acid (98%), water was initially weighed and 
added to the polypropylene containers. In order to avoid any heat generation or fume 
due to the exothermic dilution process of sulphuric acid with water, part of the 
required water was replaced by ice and the entire procedure of acid dilution was 
performed in the ventilated area. Acid must always be added to water and not water 
to acid. Otherwise, it will cause splashing. Another important point in practice is that 
when adding the first drops of acid, the solution should be stirred by use of an acid 
resistant bar or pipe, as pure acid is added to the water and the corresponding 
reaction is much more severe than adding the rest of the acid to the solution which is 
much safer. After preparation, the acid solutions were left for four hours to adjust to 
the room temperature and then the concrete specimens were placed inside the 
containers. 
 
 
Figure 3.5 Immersion of concrete specimens in 7 % sulphuric acid solution in polypropylene 
containers. Spacers were used between samples for exposure of all sides the sample to the 
solution.  
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Monitoring the Concentration of Acid Solution 
Degradation of concrete samples in acid tanks and chemical reactions could change 
the concentration of acid solution after commencing the tests. To address this issue, 
concentration of acid solutions were monitored weekly by both measuring the 
density and titration of three samples from each container. Density was being 
monitored by use of an acid resistant floatable hydrometer. In addition, each week, 
three samples were taken from each container and then, titration was carried out by 
use of Sodium Hydroxide solution (10%) and Bromothymol indicator. The procedure 
is based on determining the required amount of solution (NaOH) to neutralize the 
acid solution. The colour of the composition of acid solution and the indicator is 
initially yellow, as soon as the required amount of NaOH solution is added to the 
mixture, its colour will change to green (Figure 3.6), meaning the solution is 
neutralized. Given the chemical reactions behind this colour change, the 
concentration of existing acid solution is worked out. Then, the required amount of 
acid is calculated and added to the solution each time to keep the acid concentration 
constant. 
  
(a) (b) 
Figure 3.6 Titration of acid solution, (a) acid solution before and (b) after applying the indicator 
Precautions 
During the whole procedure, including diluting the acid, immersing specimens in 
acid and then taking the specimens out every week, several safety precautions and 
personal protecting equipment were taken into consideration, including wearing 
masks, acid resistant gloves, aprons and most importantly goggles. The whole work 
area was also covered with polyethylene acid resistant sheets. At each stage, safety 
Material Properties   S. Salek 
 
- 77 - 
data sheet were prepared in order to decrease the risk of possible toll or damage due 
to working with acid.  
Number of specimens and testing order 
First of all, 150 conventional concrete (CC) specimens (cylinders and prisms) were 
cast and their mechanical properties were evaluated before and after acid exposure. 
The CC was tested first to have a reference point and gain an insight into the possible 
difficulties and challenges when testing the acid exposed specimens before casting 
the ARM and ARC. In other words, it was easier to detect if something would go 
wrong when testing the acid exposed samples from the conventional concrete as its 
behaviour is predictable to some extent, whereas, the studies on performance of 
ARM had been limited to the manufacturer company. ARC was also being tested for 
the first time.  
Acid resistance investigations of the control concrete were followed by casting and 
testing 100 specimens from acid resistant mortar (ARM) and then, 100 specimens of 
ARC.  
It was ideal to cast and test all the three materials simultaneously. However, this was 
impossible due to practical limitations. For instance, preparation of concrete samples 
before tests comprised taking out the concrete samples from acid containers with all 
the safety precautions, carrying them to the washing area, brush washing the 
samples, tissue drying, weighing and measuring the dimensions and capping them to 
be ready for tests. All these preparations would take time and hence, made it 
impossible to cast and test all the three materials concurrently.  
There is no standard method for testing mechanical properties of concrete subjected 
to accelerated acid test. However, AS 1012 series advise that testing should be 
performed as promptly as possible after removal of the test specimen from the curing 
environment and in wet condition for concrete in normal curing conditions. For acid 
exposed specimens, it was tried to continue with the same procedure and complete 
all preparation procedures as soon as possible and before specimens get dried. 
Details of sample preparation after acid exposure 
When testing, each week, the specimens were taken out of acid solution, washed 
with wire-brush and water so that loose aggregates are detached and do not disrupt 
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the testing procedure.  In some cases, particularly after the second week, some parts 
of the CC specimens were capped to be able to carry on the tests (Figure 3.7). Each 
time, the same number of specimens not-exposed to acid was also tested to compare 
their test results to the acid exposed specimens. 
Due to the acid resistance characteristics of ARM and ARC, testing these specimens 
after immersion in acid was much easier than CC, as there was no degradation and, 
hence, no need to wash the specimens with wire brush. However, after taking the 
specimens out from acid solution, similar to the CC, they were washed, tissue dried, 
weighed and also their dimensions measured to investigate changes to their cross 
section and mass. 
(a) (b) (c) 
(d) (e) (f) 
Figure 3.7 Preparation of the specimens for mechanical properties tests after submersion in 
acid, (a) taking out samples from acid solution, (b) wire brushing, (c) MOE cylinders after 
washing with exposed aggregates on the surface, (d) MOR specimens with degradation on the 
surface before washing, (e) wire brushing the MOR prisms and (f) capping MOR specimens 
3.2.2.2. Test method and procedure 
All the mechanical properties tests for the three types of materials were performed in 
accordance with the relevant Australian Standards (AS1012 series). To test the acid 
exposed specimens, apart from the stage of taking the specimens out of acid and their 
Acid containers 
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preparation, it was tried to stick to the same procedure (similar to the specimens from 
curing tanks).  
3.2.2.3. Compressive strength  
Compressive strength of all specimen types after different times of curing and most 
importantly, changes of compressive strength after acid exposure as an acid 
resistance index, used in previous research work, was of concern in this research.  
Compressive strength is generally the most important characteristic and fundamental 
property of concrete. This is partly because its test is easy to perform. Moreover, 
many of desirable characteristics of concrete are qualitatively related to its 
compressive strength. However, the main reason for compressive test popularity is 
the intrinsic importance of the compressive strength in concrete structural design 
(Neville 1991).  
All compressive strength tests were performed on cylindrical specimens of 100 mm 
diameter with 200 mm length following AS 1012.9 (1999) procedural requirements. 
Prior to the test, concrete samples were properly capped complying with the latter 
mentioned standard. For acid exposed specimens from the control concrete both 
sides of the cylinders were capped due to the degradation of the concrete surface.  
For each concrete type, compressive strength was assessed after different ages of 
curing and acid exposure as shown in Figure 3.3. For each age, three cylindrical 
samples were tested and the reported results are the average of the three. The tests 
were conducted under a load rate control condition in an 1800 kN universal testing 
machine with load rate equivalent to 20 ± 2 MPa compressive stress per minute until 
no increase in force could be sustained and then, the maximum load was recorded. 
The compressive strength of the specimens is calculated by dividing the maximum 
force applied to the specimen by the cross sectional area. Strain gauges were 
employed to monitor the longitudinal deformations of test specimens under 
compressive load (Figure 3.8). 
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Figure 3.8  CC specimen for compressive strength test with mounted strain gauges 
3.2.2.4. Modulus of Elasticity (MOE)  
Modulus of elasticity (MOE) as an important factor in structural design was 
evaluated for all three types of materials at different ages in accordance with AS 
1012.17 (1997). The significance of the elastic limit in structural design lies in the 
fact that it represents the maximum allowable stress before the material undergoes 
permanent deformation. The elastic modulus of the material influences the rigidity of 
the design (Siringi 2012). 
The focus of this test in this research was to evaluate the MOE characteristic of ARC 
as a new concrete and the effect of acid on the elastic properties of all three 
materials. 
The specimens for MOE tests are cylindrical specimens with the dimensions of 150 
mm× 300 mm in accordance with AS 1012.17 (1997). 
Static chord (MOE) is defined as gradient of the chord drawn between two specific 
points on the stress-strain curve. According to AS 1012.17 these two points should 
be taken as follows; 
Point 1: is 50 micro-strains and stress corresponding to this strain and Point 2: is the 
stress equivalent to “test load” and its corresponding strain, where the test load is 
equivalent to 40 percent of the average compressive strength, tested in accordance 
with AS 1012.9 immediately prior to the static chord MOE test. 
60 mm Strain gauges 
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The test is conducted under a load rate control condition in an 1800 kN universal 
testing machine with load rate equivalent to 15 ± 2 MPa per minute.  
The MOE of the concrete sample can be calculated from Equation (3-1).  
Ec=
(G2-G1)
(ε2-0.00005)
 (3-1) 
where Ec is the concrete modulus of elasticity in MPa, G2 is the test load (as 
described above), divided by the cross-sectional area of the specimen in MPa, G1 is 
the applied load at a strain of 50 × 10-6 divided by the cross-sectional area of the 
specimen in MPa and ε2 is strain corresponding to deformation at test load (strain = 
deformation divided by the gauge length) in 10-6 m/m. In order to measure the 
longitudinal strain, a compressometer as shown in Figure 3.9 (a,b) was used. To test 
the acid exposed CC specimens, both sides of specimens were capped due to 
degradation of the concrete surface and lack of flat surfaces (shown in Figure 3.9 c).  
   (a) (b)          (c) 
 
 
Figure 3.9 (a,b) MOE test arrangement for measurement of longitudinal strain and (c) capping 
the CC acid exposed specimen 
Another problem when testing the acid exposed specimens was difficulty in 
tightening the screws of the compressometer due to rough surface of the concrete 
specimens and exposure of aggregates on the surface of specimens. This issue was 
addressed by use of small pieces of rubber as can be seen in Figure 3.10. 
CC 
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Figure 3.10 Use of rubber to tighten the screws of the compressometer for MOE test for acid 
exposed CC specimens with the degradation on the surface 
3.2.2.5. Indirect tensile strength (splitting test)  
Tensile strength of concretes and their changes after exposure to acid were both of 
interest in this research. It was measured for all three materials through testing three 
cylindrical samples with the dimensions of 100 mm diameter by 200 mm length at 
each age before and after exposure to acid in accordance with AS 1012.10 (2000). 
The reported results are the average of the three tested samples at each age. 
The indirect tensile test (‘Brazil’ or splitting test) is a simple and indirect way of 
determining the tensile strength of concrete which gives more uniform results than 
other tension tests. The strength measured in the splitting test is believed to be close 
to the direct tensile strength of concrete and approximately, 5 to 12 percent higher 
(Neville 1991). 
To perform the test, the concrete cylinder is placed, with its axis horizontal, between 
the plates of testing machine as shown in Figure 3.11, and is loaded until the failure 
takes place by indirect tension in the form of splitting along the vertical diameter. 
The test is conducted under a load rate control condition in an 1800 kN universal 
testing machine with load rate equivalent to 1.5 ± 0.15 MPa indirect tensile stress per 
minute. The maximum load is recorded and then the indirect tensile strength of the 
specimen is calculated using Equation (3-2); 
f
ct.sp
=
2000 P
πLD
 (3-2) 
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Where fct.sp is the indirect tensile strength in MPa, P is the maximum applied force in 
kN, L is the length of specimen in mm and D is the diameter in mm. 
 
(a) (b) 
Figure 3.11 Splitting tensile test; (a) typical arrangement of the test and (b) stress distribution 
across the loaded diameter of a cylinder compressed between two plates (Mehta, PK & 
Monteiro, PJM 2005) 
When testing the tensile strength of the CC after exposure to acid, due to degradation 
of concrete surface, some parts of specimens were capped with the same type of 
plaster used for compressive strength tests to let uniform distributed load be applied 
(See Figure 3.12). 
  
(a) (b) 
 Figure 3.12 CC specimens for indirect tensile strength test (a) capping the specimen before the 
test and (b) tested specimen after 4 weeks immersion in acid 
3.2.2.6. Modulus of Rupture (MOR)  
Modulus of rupture (MOR) of all the materials was evaluated due to the importance 
of flexural strength and its changes after exposure to acid for concrete structures. 
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For this purpose, the 100 mm × 100 mm × 400 mm concrete prism is subjected to 4-
point flexural load at a loading rate of 1 ± 0.1 MPa/min until fracture, following AS 
1012.11 (2000).  
The theoretical maximum tensile stress in the bottom fibre of the test specimen is 
known as the modulus of rupture which can be calculated on the basis of ordinary 
elastic theory (Equation (3-3)). Four-point loading was applied and mid-span 
deflection of the flexural specimens is measured by means of a linear variable 
differential transformer (LVDT) at the centre of each specimen. The flexural stress is 
calculated as; 
f
ct.f
 = 
PL1000
BD2
 (3-3) 
Where fct.f is the modulus of rupture in MPa, P is the maximum applied force in kN, 
L is span length in mm, B is the average width of the specimen at the section of 
failure in mm and D is the average depth of specimen at the failure section in mm.  
Typical test arrangement for MOR test and stress distribution across the depth of the 
concrete beam under flexure is shown in Figure 3.13.  
 
(a) (b) 
Figure 3.13 MOR test; (a) Test set up (right) and (b) stress distribution (Mehta, PK & Monteiro, 
PJM 2005)  
Due to degradation of concrete surface for CC specimens after exposure to acid, the 
locations of applying loads and supports were capped on the specimens (Figure 
3.14).  
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To evaluate the effect of capping the specimens on test results, when testing the 
specimens first time, same number of specimens without capping were also tested 
and no effect was observed, i.e. the failure loads and maximum deflections were the 
same as the ones with capping. However, the capped ones provided more accurate 
results in terms of load- deflection behaviour captured by the  linear variable 
differential transducer, LVDTs, placed in the middle span of the beam, whereas, the 
ones without capping showed some fluctuations in load-deflection diagrams which is 
due to sliding the rough surface of specimens on supports and under load plates. 
 Supplementary Acid Resistance Investigations 
Changes of mass and dimensions of concrete specimens were monitored after 
different periods of exposure to acid. Thymol blue test and Hardness test were also 
employed to find the depth of the penetration of acid in different specimens and 
changes of hardness of concrete specimens, respectively, in order to get better 
understanding of the mechanism of acid attack. 
 
 
 
 
 
                         (a) (b) 
Figure 3.14 Preparation of the CC specimens for MOR test after exposure to acid (a) capping 
the top of CC specimen after 2 weeks in acid and (b) capping underneath the specimen and 
gluing a metal plate for LVDT 
LVDT location 
Load 
location 
Supports locations 
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Figure 3.15 Test set up and the place of LVDT for MOR test 
3.2.3.1. Mass changes of cylinders over immersion time 
Before and after exposure of samples to acid solution, both mass and dimensions of 
all the specimens were measured following a constant procedure. According to the 
previous research work (mentioned in Chapter 2), loss of mass and cross sectional 
area of a concrete type in acid is an index of its acid resistance. Mass loss of concrete 
can be attributed primarily to the reaction between calcium hydroxide present in the 
OPC concrete and acid that can induce tensile stress and results in cracking and 
scaling of concrete (Ariffin et al. 2013). 
For each material type, three sizes of specimens were investigated before and after 
exposure to acid as follows; Type 1: cylinders with 100 mm in diameter and 200 mm 
in height, Type 2: cylinders with 150 mm in diameter and 300 mm in height and 
Type 3: 100 mm × 100 mm × 400 mm prisms. 
For this purpose, for each series of specimens, after demoulding, all the specimens 
were identified. After 28 days of LW curing and before immersion of specimens in 
acid, they were weighed and their dimensions were measured with a calibrated 
vernier. After immersion of each series of specimens and after certain periods of 
exposure to acid and before commencing the tests, their mass and dimensions were 
measured again and their changes were worked out. The procedure of weighing tried 
is to be as consistent as possible in terms of the time spent on washing the samples 
after acid exposure, brushing, tissue drying and leaving the samples in the air.  
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There were two issues when measuring the mass loss and dimensions loss. Firstly, all 
the identifying marks on the specimens would be washed away after immersion of 
specimens in acid solution. This issue was addressed by preparing a plan for the 
location of specimens. This way, each time, by looking at the location of each 
specimen in the containers it could be known which specimen it was.  
The second challenge was measuring the dimensions of the CC after exposure to acid 
due to the rough surface of the specimens after degradation of the cement paste on 
the specimen’s surface. For these specimens, the average of minimum and maximum 
measured dimensions was considered. 
3.2.3.2. Thymol Blue indicator (TB) 
Concrete is alkaline in nature when cast following general mix designs with no 
specific acidic admixtures. The deterioration of concrete by sulphuric acid reduces 
the alkalinity of concrete due to corrosion caused by hydrogen ion attack followed by 
sulphate ion attack. Sulphuric acid reacts with free lime [Ca(OH)2] in the concrete 
and forms gypsum resulting in the reduction of concrete alkalinity or increase in the 
acidity (Hasan 2009). Acid penetration test was carried out by use of TB indicator to 
measure how much change has been done to the alkalinity of concrete due to the 
exposure to sulphuric acid solutions. TB indicator is blue in pH > 9.2 and turns 
yellow in environments with pH of less than 8.0. 
Thymol blue (TB) spraying is a commonly used indicator for titration of acid based 
materials. For this purpose, the Thymol blue powder was solved in ethanol and 
sprayed on the cross section of acid exposed specimens. The acid affected layers of 
the specimens turned yellow, whereas, the unaffected layers turned blue. The higher 
the concentration of the solution is, it will result in darker colour. 
The specimens used for this purpose were the cylinders with the dimensions of 150 
mm × 300 mm, after different periods of exposure to acid. Each cylinder was cut to 
five rings of 150 × 60 mm. Then, their surfaces were sprayed afterwards and then the 
depth of penetration of acid was measured. The reported results will be the average 
amount obtained for the same material and specimen size. 
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The results of this test will provide a starting point for further study on the 
mechanism of acid attack on both types of concretes and particularly, for the 
microstructural studies. 
3.2.3.3. Hardness investigations 
The hardness test is an old and commonly used test to measure the hardness of 
metals. However, in this research, measuring the hardness of materials was not of 
concern. The aim of this test was a qualitative study to realize if the acid affected 
layers of different concretes (recognized from TB spraying) had much lower 
hardness or not and if so, how the hardness would change along the acid effected 
layer of specimens and if it was proportional to the depth of penetration or not.  
The test procedure is as follows. A sample test material is clamped on the table. As 
the operator rotates the table handles, the table is moved upwards until it comes in 
contact with the ‘test point’. The dial is set to ‘0'. Further turning of the table handles 
increases pressure between the surface of the sample material and the ‘test point’. 
The resulting indentation is measured on the dial. This gives a measure of the 
samples ‘hardness’. Figure 3.16 shows the hardness test machine schematically. 
 
 
Figure 3.16 Hardness testing machine 
As mentioned, this is not a standard test method for concrete specimens and was 
performed to get some understanding about changes of concrete properties among 
the diameter of samples from outside inward. Hence, some qualitative results will be 
presented in the results section rather than reporting numbers. 
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 Drying Shrinkage  
As ARC is a new concrete being evaluated for structural applications, drying 
shrinkage characteristic is of importance. Drying shrinkage is an important parameter 
as it may cause cracks inside the concrete and hence, allows the water to penetrate in 
concrete and impair the durability of the structure (Neville 1996). 
3.2.4.1. Sample preparation 
The specimens were prisms with the dimensions of 75 mm × 75 mm × 250 mm from 
all three types of materials. Three specimens from each mix were cast and were 
demoulded after 24 hours when testing commenced. 
3.2.4.2. Test description and method 
The tests were carried out in accordance with AS 1012.13 (1992). Figure 3.17 shows 
the set up for testing the drying shrinkage. At each age, the mass of the specimens 
were also measured and recorded.  
Drying shrinkage was measured for CC, ARM and ARC after evaluating the drying 
shrinkage of three trial mixes for ARC as mentioned in Section 3.2.1.3. 
From each mix, three specimens were cast and their drying shrinkage was measured 
after 1, 3 and 7 days and then, every week till eight weeks and then every month till 
six months. The reason for continuing the measurement of drying shrinkage after 56 
days, which is usually considered for normal concrete, was that ARC is a new 
concrete that has not been tested before and we intended to make sure if its drying 
shrinkage level becomes constant after eight weeks similar to the normal concrete. 
  
(a) (b) 
Figure 3.17 Measuring (a) drying shrinkage and (b) mass loss of concrete specimens 
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 Impact Resistance (Split-Hopkinson Pressure Bar) 
The Split-Hopkinson Pressure Bar (SHPB) test which is a well-known method in the 
dynamic characterization of materials, was employed to evaluate the dynamic 
mechanical properties of ARC and CC at the loading rate of high strain rate 
scharacteristics (124 𝑠−1).  
3.2.5.1.  Preparation of specimens  
Two series of specimens (totally 20 concrete rings) were prepared, from the CC and 
the ARC. For this purpose, cylindrical specimens with the dimensions of 75 mm × 
100 mm were cast and water cured for four weeks. Then, each cylinder was cut to 
four rings of 75 mm × 25 mm to fit in the Hopkinson’s bar machine and they were 
identified. Figure 3.18 shows the prepared samples for Hopkinson’s bar test. The test 
execution is very quick and takes less than couple of seconds for each sample. 
However, preparing the test set up including mounting the strain gauges to the 
stainless bars and the software calibration takes time. A high speed camera was used 
to capture photos of the specimens at failure.  
  
Figure 3.18 Prepared specimens for the Split Hopkinson Pressure Bar (SHPB) test 
3.2.5.2. Test description and method 
A conventional SHPB apparatus, which is shown in Figure 3.19 and schematically in 
Figure 3.20, consists of a gas gun, a striker, an incident bar, a transmission bar, an 
energy absorption device, and a data acquisition system. The specimen is sandwiched 
between the incident bar and the transmission bar.  
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Figure 3.19 Hopkinson Bar apparatus (Xie et al. 2014) 
 
Figure 3.20 Schematic of Split Hopkinson Bar apparatus (Gama & Gillespie 2004) 
 
The impact of the striker, which is commonly launched by compressed gas in the gas 
gun, on the end of the incident bar generates elastic waves in both the striker and 
incident bar. The elastic wave in the incident bar is called “incident wave”. When the 
“incident wave” travels through the incident bar to the specimen, due to the 
mismatch of mechanical impedances between the bar material and the specimen, part 
of the incident wave is reflected back into the incident bar as a reflected wave and 
the rest of the incident wave transmits through the specimen, which compresses the 
specimen at high rates, into the transmission bar as a transmitted wave. 
The incident and reflected signals are sensed by the strain gages on the incident bar, 
whereas, the transmitted signals are sensed by the strain gauges on the transmission 
bar. All three signals are recorded with a digital oscilloscope or a computer (Song & 
Chen 2005). The results of this test will be presented in Section 3.3.4. 
 
 
 
Strain Gage (SG) Strain Gage 
 
 
     
Striker Bar 
(SB) 
Incident/Input Bar 
(IB) 
Specimen 
(SP) 
Transmitter/Output Bar 
(TB) 
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 Investigation of Concretes Subjected to Elevated Temperatures 
Fire has a significant impact on materials and understanding the behaviour of 
concrete subjected to high temperature is essential to enhance the fire resistance of 
reinforced concrete (RC) structures and to provide accurate information for fire 
design of RCS (Lee 2006). A building fire can reach temperatures of around 850 °C 
in less than 30 min, and peak at around 1000 °C within 2 h (Sarker, Kelly & Yao 
2014). In this research, ARC and CC specimens were evaluated subjected to different 
heating regimes as described below. 
3.2.6.1. Preparation of specimens  
30 standard cylinders (100 mm × 200 mm) were cast from CC and ARC and water 
cured for three months. The entire procedure of casting, demoulding and curing the 
concrete specimens was performed the same as the previous samples for mechanical 
properties investigations.  
3.2.6.2. Test description and method 
The machine used to heat the concrete cylinders for this experiment was an electric 
furnace under the brand name of PRASCON (in Structures Lab at Western Sydney 
University) with internal dimension of 350 mm × 250 mm and external dimension of 
620 mm × 630 mm (shown in Figure 3.21). The furnace is equipped with electric 
silicon carbide heating element reaching a maximum temperature of 1300 °C. The 
temperature inside the furnace is monitored by 2 controlled type S and 3 type K 
thermocouples. The furnace is also equipped with a hydraulic actuator with a 
maximum compressive load capacity of 1000 kN. The actuator consists of a 
calibrated extensometer and a load cell. 
ARC and CC cylinder specimens were subjected to heat up to 800 ℃ with the 
heating rate similar to that of ISO 834 standard. All types of concrete cylinders are 
exposed to an identical temperature profile and the heat transfer inside the furnace 
was recorded using thermocouples. 
The concrete type and temperature level were taken as the main variables in this 
study. 18 ARC and 12 CC specimens were prepared, and subjected to 5 different 
heating regimes. The specimens were subjected to heating at a rate of 4 deg/min, 
continues to the required maximum test temperatures which are ambient, 200, 400, 
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600 and 800℃. After reaching the maximum test temperature the specimen 
temperature was kept constant for a period of 60 ± 5 minutes so that the heat reaches 
the core of the sample. Thereafter, the specimen was loaded at a loading rate of 0.5 
MPa/s until failure. Three specimens were tested at each temperature level for each 
mix and the average values are reported.  
 
Figure 3.21 Test set up for investigation of compressive strength of concrete samples subjected 
to elevated temperature  
Changes of compressive strength (relative strength), physical appearances and 
spalling of CC and ARC samples subjected to elevated temperatures will be 
discussed in Section 3.3.5. It should be mentioned that the compressive strength 
mentioned in this section is the strength after exposure to heat and raising the 
temperature to the centre of the specimens and no cooling down was performed like 
many other research works in this area.  
  
Furnace Concrete 
Sample 
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3.3. Results and Discussions 
In this section, the results of material properties tests mentioned earlier in the chapter 
will be presented and discussed. Comparisons are also made between these 
characteristics of acid resistant mortar (ARM), acid resistant concrete (ARC) and 
control concrete (CC). The summary of the systematic experimental procedure is 
listed in Table 3.4. If a test is performed for a specific material, the tick mark () is 
indicated, otherwise the cross mark (×) is shown. 
Table 3.4 Summary of conducted materials properties investigations 
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Control           
ARM       ×  × × 
ARC           
 Changes of Mechanical Properties Subjected to Acid Attack  
3.3.1.1. Compressive strength  
Strength development in curing environment 
Strength development of ARM and ARC was evaluated and compared to the control 
concrete (CC). For ARM some limited information was available from the previous 
tests carried out by the manufacturer, performed based on AS1478.2 (Chemical 
admixtures for concrete, mortar and grout - Methods of sampling and testing 
admixtures for concrete, mortar and grout) and no information was available 
according to AS 1012.9 (Compressive strength tests for concrete). ARC was also 
being investigated for the first time, hence, understanding its strength development 
was of importance. 
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As shown in Figure 3.22, the 7 day strength of ARC is similar to ARM. However, by 
passing time, the rate of its strength development becomes higher than ARM 
resulting in much higher strength after 56 days of curing (about 44 MPa). After 12 
weeks of curing, the compressive strength of ARC is comparable to the CC, whereas, 
the 28-day strength of CC is much higher than ARC. In other words, ARC 
compensates for its lower initial strength after longer period of curing.  
 
Figure 3.22 Compression strength development of ARM, ARC and CC in curing condition 
Compressive Strength loss after exposure to acid 
The results of compressive strength tests of CC, ARM and ARC are presented in 
Table 3.5 at different ages before and after exposure to acid. As shown, compressive 
strength of the CC decreased drastically after two and four weeks of exposure to acid 
(dropping from 50 to 44.5 and from 54 to 40.5 MPa) compared to the specimens in 
the curing environment. However, ARM had almost no change after two and four 
weeks in acid and had a slight decrease after eight weeks in acid. As expected, 
changes of compressive strength of ARC after exposure to acid were similar to the 
ARM. Hence, not much change even after eight weeks of submersion in acid solution 
(45 MPa).  
Another important fact regarding the ARC is that its 28-day strength is similar to the 
ARM. However, after two weeks in acid its compressive strength was comparative to 
the conventional concrete that was from a higher grade concrete (42.5 versus 44.5 
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MPa) and after four weeks of immersion in acid it showed higher compressive 
strength (42.0 MPa) than the CC (40.5 MPa). 
Table 3.5 Compressive Strength of ARM, ARC and CC 
Average Compressive strength1     [MPa] 
Mix 
reference 
28 day -  
fc,28 
28 day + 
2 Weeks 
of curing 
28 day + 
2 Weeks 
in acid 
28 day + 
4 Weeks 
of curing 
28 day + 
4 Weeks 
in acid 
28 day + 
8 Weeks of 
curing 
28 day + 
8 Weeks in 
acid 
CC 44.5  50.0 44.5 54.0 40.5 _ _ 
ARM 29.5 31.5 31.0 35.0 34.5 37.0 32.5 
ARC 31.0 43.0 42.5 44.5 42.0 51.5 45.0 
1 Average compressive strength of the test specimens calculated to the nearest 0.5 MPa in accordance 
with AS 1012.9 
 
Visual inspection 
Figure 3.23 shows the CC specimens after exposure to acid and Figure 3.24 shows 
the photo of specimens made from ARM and CC after four weeks of immersion in 
acid solution. As can be observed in these figures, none of ARM and ARC had 
significant changes after exposure to acid. However, CC had lost the cross sectional 
area and degradation of cement paste on the surface was observed. In fact, the 
cement paste in CC was washed out and caused the exposure of aggregates and on 
some occasions pulling out the aggregates. 
Qualitative observations during the compressive strength test indicate that the failure 
modes for ARM, ARC and CC are significantly different. Figure 3.25 and Figure 
3.26 show some samples of the compressive failure modes experienced for different 
cylindrical specimens.  
Before exposure to acid, for control concrete, failure was seen to be quite brittle and 
the specimens failed in an almost explosive-like manner, whereas, for both ARM and 
ARC, more ductile behaviour was observed and hence, their tests took longer.  
After exposure of specimens to acid, the failure of CC specimens subjected to 
compressive load became less brittle. This can be attributed to production of unstable 
silica gels due to exposure of concrete to acid. This reaction that will be discussed in 
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more details in Chapter 4 is in unstable state and by passing time, the sample getting 
dry will be vanished in a way that the acid exposed concrete samples will behave 
more brittle than the non-acid-exposed ones.  For ARM and ARC, exposure to acid 
made them more flexible with more deformations and failure process took longer 
compared to the samples with no acid exposure. 
 
 
(a) (b) 
Figure 3.23 Conventional concrete (a) after 1, 2, 3 and 4 weeks of exposure to 7% sulphuric acid 
from left to right, respectively and (b) exposure and the exposure of the aggregates after 4 weeks 
immersion in acid 
 
 
Figure 3.24 CC and ARC Specimens after 4 weeks of exposure to 7% sulphuric acid solution  
1W 
CC-4w in acid 
2W 3W 4W 
CC ARC 
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                  (a)                     (b)                     (c) 
Figure 3.25 Compression failure modes of (a) CC, (b) ARM and (c) ARC before exposure to 
acid 
 
                   (a)                     (b) (c) 
Figure 3.26 Compression failure modes of (a) CC, (b) ARM and (c) ARC after 4 weeks of 
exposure to acid 
The results of compressive strength of the three materials before and after exposure 
to acid are shown in Figure 3.27 and Figure 3.28. As shown in Figure 3.27, 
compressive strength of the conventional concrete initially increased after 7 days of 
immersion in acid and then, decreased dramatically after four weeks of exposure to 
acid (56 days). This is in line with the previous researcher’s findings (Chang et al. 
2005; Chen, M, Wang & Xie 2013)  regarding the initial increase of compressive and 
flexural strength of normal concrete subjected to acid. However, the time of this 
increase and decrease naturally depends on the concentration of acid solution and the 
concrete type. As mentioned earlier, the tests could not be continued for CC after 56 
days of exposure to acid due to degradation of concrete surface. As mentioned 
Material Properties   S. Salek 
 
- 99 - 
earlier, in these figures, each age includes 28 days of curing. For example, age of 42 
days means 28 days of curing plus 14 days (2 weeks) of acid exposure. 
 
Figure 3.27 Compression strength of CC before and after exposure to 7% sulphuric acid 
solution 
Figure 3.28 shows the compressive strength of ARM and ARC samples before and 
after exposure to acid. It shows that ARM had no compressive strength change even 
after four weeks of exposure to acid. However, ARC had a slight decrease of 
compressive strength at this age. This can be attributed to the presence of larger size 
of aggregates in ARC comparing to ARM and hence, greater interfacial transition 
zone (ITZ) and more penetrable matrix. This causes less acid resistance properties in 
view point of compressive strength loss.  
After eight weeks of exposure to acid there was no considerable difference in terms 
of compressive strength loss. This promising conclusion allowed us to proceed with 
further tests including large scale structural tests on ARC.  
It should be mentioned that the type of aggregates does also affect the acid resistance 
properties of a concrete mix which has been addressed in previous research works 
(mentioned in Chapter 2) but is out of the scope of the current research project. 
However, some facts about the behaviour of aggregates in concrete after exposure to 
acid will be discussed in the next chapter (Microstructural analysis). 
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Figure 3.28 Compression strength of ARM and ARC before and after exposure to sulphuric 
acid 
The compressive strength loss of all three concrete types is shown in Figure 3.29. As 
can be seen, ARM and ARC had almost no strength loss after two weeks of exposure 
to acid (1% and 2 %), whereas, CC lost 11% of its compressive strength.  
After four weeks of immersion in acid, CC underwent 25% compressive strength loss 
whereas, ARM did not lose any strength compared to the second week and ARC just 
lost 6% of its compressive strength which was less than a quarter of this amount for 
CC. As mentioned before, CC could not be tested after eight weeks in acid due to the 
degradation of the samples surfaces, while, ARM and ARC were tested and retained 
more than 88 % and 87 % of their strength, respectively.  
Results of Strain gauges 
Previous research (De Nicolo, Pani & Pozzo 1994) indicated that the strain at peak 
stress in uniaxial compression for conventional concrete is 0.002. However, mix 
composition, curing conditions, shape and size of specimen, loading rate, age of 
loading, and test techniques used, all have a bearing on the resulting strain at 
compressive strength (Tasdemir et al. 1998). The strain corresponding to ultimate 
stress for ARM, ARC and CC after different periods of exposure to acid is given in 
Table 3.6.  
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Figure 3.29 Compressive strength loss of CC, ARM and ARC after different periods of exposure 
to Sulphuric Acid 
According to Tasdemir et al. (1998), the strain at ultimate stress increases as the 
compressive strength increases. On the other hand, Fan, Hu and Luan (2012) 
reported the increase in peak strain even when the compressive and tensile strength 
of concrete decreased when exposed to acid. The findings of this research are more 
in agreement with the latter statement as for CC and ARC in all cases the strain at 
peak stress increased continually after exposure to acid. For ARM there was the 
same trend with an exception in the 4th week that had negligible decrease. Given its 
general trend and tiny difference, it could be reported as an increase in strain as well. 
Another important fact in this table is that the strain at peak stress for ARC 
specimens before and after acid exposure was higher than ARM and CC. 
Table 3.6 Strain at ultimate stress in compression after 28 days of curing and different periods 
of exposure to sulphuric acid 
 
Mix 
Reference 
Strain at peak stress (εcu)[10-6] 
28 days 
of Curing 
2 weeks 
in Acid 
4 weeks 
in Acid 
8 weeks 
in Acid 
CC 2570 2924 2962 - 
ARM 2424 2612 2568 2670 
ARC 2686 3120 3205 3317 
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3.3.1.2. Modulus of Elasticity (MOE)  
The results of modulus of elasticity for the three materials before and after exposure 
to acid are summarized in Table 3.7. As shown, ARM had no change of MOE 
characteristic after exposure to acid. This was expected from the test results of 
compressive strength, as MOE characteristic of concrete is often related to the 
compressive strength.  
Both the acid resistant concrete and control concrete showed some decrease of MOE 
properties after exposure to acid. This decrease of MOE properties was lower for 
ARC compared to the conventional concrete.  
Another noticeable point in this table is that MOE properties of ARC were greater 
than ARM. This was expected from the previous research and the role of coarse 
aggregates in stability and rigidity of the concrete mix. It means after addition of 
coarse aggregates to the ARM, the MOE characteristic improved in ARC. 
Table 3.7 Elastic modulus of ARM, ARC and CC 
 
Elastic modulus*     [GPa] 
Mix 
reference 
28 day -  
E,28 
28 day + 
2 Weeks 
of curing 
28 day + 
2 Weeks 
in acid 
28 day + 
4 Weeks 
of curing 
28 day + 
4 Weeks 
in acid 
28 day + 
8 Weeks 
of curing 
28 day + 
8 Weeks 
in acid 
Control 32.1 33.0 32.0 37.3 35.1 - - 
ARM 25.3 26.0 26.0 28.0 28.0 29.1 29.1 
ARC 32.2 32.3 32.3 33.6 32.4 33.7 28.1 
* Elastic modulus of the test specimens calculated to the nearest 0.1 GPa in accordance with AS 
1012.17 
3.3.1.3. Indirect tensile strength 
Table 3.8 shows the indirect tensile test results of the three types of concretes before 
and after exposure to acid. This property of concrete had some increase for all three 
types of materials after exposure to acid. This increase was greater for the CC 
compared to the ARM and ARC. This is in line with the previous research (Fan, Hu 
& Luan 2012) that mentioned, tensile strength of concrete increased at early ages of 
exposure to acid but eventually and after long term exposure it would decrease. In 
this research it is believed if the tests were continued further, tensile strength would 
decrease for all types of concretes.  
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Another result that confirmed the previous researchers’ finding (Fan, Hu & Luan 
2012) was that tensile strength of concrete is less sensitive to acid exposure 
compared to the compressive strength. It means compressive strength of concrete 
would be affected by acid solution much easier and faster than the tensile strength. 
In the Chapter 6 (Microstructural Characterisation), the changes of microstructure of 
concrete and its chemical components after submersion in acid that may contribute to 
this change of property will be discussed further. 
Table 3.8 Indirect tensile strength of ARM, ARC and CC 
 Average Indirect tensile strength*     [MPa] 
Mix 
reference 
28 day -  
ft,28 
28 day + 
2 Weeks 
of curing 
28 day + 
2 Weeks 
in acid 
28 day + 
4 Weeks 
of curing 
28 day + 
4 Weeks 
in acid 
28 day + 
8 Weeks 
of curing 
28 day + 
8 Weeks 
in acid 
Control 5.7 6.6 7.1 6.7 7.5 - - 
ARM 3.6 3.9 4.1 4.1 4.5 4.2 4.6 
ARC 3.5 3.8 4 3.9 4.5 4.4 4.5 
* Average splitting tensile strength of the test specimens calculated to the nearest 0.1 MPa in 
accordance with AS 1012.10 
Another noticeable point when evaluating the indirect tensile strength was the 
difference in type of failure between the CC and the other two specimen types. As 
shown in Figure 3.30, CC sample did fully split after failure, whereas, for the ARM 
and ARC samples (with the same types of failure), it was hard to recognise which 
sample was tested and which one not due to lack of split of the samples, and just loss 
of strength was observed and no collapse or splitting in these samples was observed 
at failure. This can be attributed to the bridging role of fibres in the paste of ARM 
and ARC and difference between the ITZ of CC and them that will be discussed in 
the next chapter. 
3.3.1.4. Modulus of Rupture (MOR)  
The results of flexural strength of the concretes before and after immersion in acid 
are summarized in Table 3.9. Acid resistant concrete (ARC), which was the aim of 
this study, had no change of flexural strength after two and four weeks in acid and 
had a slight loss of flexural properties after eight weeks in acid.  
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(a) (b) 
Figure 3.30 Fractured Specimens after indirect tensile test, (a) CC and (b) ARC 
For ARM, these decreases were slightly greater and the CC had a tiny increase in 
flexural properties. This increase can be due to formation of some forms of unstable 
gels that improve the flexural properties of normal concrete at early ages of exposure 
to acid. According to previous research this increase is temporarily, and eventually, 
and after longer period of submersion in acid, concrete would lose its flexural 
strength with a high rate (Chen, M, Wang & Xie 2013).  
In any case, it was proven that flexural strength of concrete is not as sensitive as its 
compressive strength to acid exposure which is in line with previous research 
findings. Possible reasons for this phenomenon will be explored through studying the 
microstructure and chemical components of concretes in Chapter 6.  
Table 3.9 Flexural Strength of ARM, ARC and CC 
 Modulus of rupture1     [MPa] 
Mix 
reference 
28 day -  
fct,28 
28 day + 
2 Weeks 
of curing 
28 day + 
2 Weeks 
in acid 
28 day + 
4 Weeks 
of curing 
28 day + 
4 Weeks 
in acid 
28 day + 
8 Weeks 
of curing 
28 day + 
8 Weeks 
in acid 
Control 5.6 5.8 6 5.9 6.2 - - 
ARM 5.1 5.1 4.9 5.3 4.8 5.4 4.4 
ARC 5.2 5.6 5.6 5.7 5.7 6 5.3 
1 Average flexural strength (MOR) of the test specimens calculated to the nearest 0.1 MPa in 
accordance with AS 1012.11. 
According to previous research, the flexural toughness and ductility can be 
determined from the flexural load-deflection curves. The flexural toughness is 
calculated as the area under the entire load-deflection curve and ductility is 
ARC CC 
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determined from deflection in post-peak region (Jastrzebski 1977; Low & Beaudoin 
1994). 
As shown in Figure 3.31, the sum of all finite area increments over the entire region 
under ABC curve, known as the work done leading to fracture, represents total 
flexural toughness. The flexural toughness can be mathematically calculated from 
Equation (3-4). 
T = ∑ (
Pi+Pj
2
) ×(Xj-Xi) (3-4) 
Where Pi and Pj represent two different applied loads for a finite increment and (Xj - 
Xi) is the change of deflection within the finite increment. 
 
Figure 3.31 Schematic of a typical load-deflection curve in flexure (Low & Beaudoin 1994) 
As shown in Figure 3.31, the total ABC area can be divided into two regions. The 
deflection prior to the peak (AO) in ABO region is more related to rigidity, strength 
and micro-cracking process of the composite, whereas the post-peak deflection (OC) 
is a measure of ductility. The region ABO which is limited to initial point of the 
curve (A) and the peak load (B) is the area in which elastic and some inelastic 
deformations occur due to strain hardening. 
Figure 3.32 to Figure 3.34 illustrate the Load-mid span deflection of all three types 
of specimens in flexure, after curing and also after different periods of exposure to 
acid. It is observed that, fracture and total failure in the conventional concrete (CC) 
occur suddenly just after exceeding the maximum load with a straight drop in the 
load-deflection curve (Figure 3.32).  
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However, the load-deflection curves of ARM and ARC vary significantly. ARM and 
ARC show considerably larger deflections at the ultimate load compared to the 
control concrete.   This will result in a bigger area under the load-deflection curves 
(ABC) which can be an indication of increasing toughness. As mentioned above, 
OBC region is a measure of ductility, hence, more ductile behaviour are observed for 
ARM and ARC compared to the CC.  This ductile behaviour can be attributed to the 
existing fibres in ARM and ARC and their different microstructure that will be 
discussed in Chapter 6. 
 
 Figure 3.32 Load-mid span deflection curves in MOR test of CC before and after exposure to 
sulphuric acid  
 
Figure 3.33 Load-mid span deflection curves in MOR test of ARM before and after exposure to 
sulphuric acid  
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Figure 3.34 Load-mid span deflection curves in MOR test of ARC before and after exposure to 
sulphuric acid  
As a well-known fact, the slope of the load-deflection curve in flexure represents the 
flexural stiffness. As can be observed from Figure 3.35, ARC has the highest flexural 
stiffness among the three types of samples despite having lower load bearing 
capacity comparing to the CC. The ARM flexural stiffness is lower than the control 
concrete but it shows the highest deflection at the peak load. This behaviour, which 
is partially a result of fibre bridging in concrete matrix, is a desired behaviour for 
concrete in seismic applications. This kind of behaviour provides large deflections 
before failure and dissipates more energy compared to the conventional concrete 
during critical loading scenarios such as an earthquake. 
 Supplementary Acid Resistance Tests 
3.3.2.1. Mass changes of cylinders over immersion time 
The results of mass changes of specimens after exposure to acid are presented and 
discussed as follows. Figure 3.36 shows the mass loss of three sizes of the specimens 
from the conventional concrete after exposure to acid. The mass loss percentage 
shown in this Figure was simply calculated from Equation (3-5) as follows.  
Mass loss (%) = 
Initial mass-Mass after exposure to acid
Initial mass
 (3-5) 
0
2
4
6
8
10
12
14
16
18
20
0 0.2 0.4 0.6 0.8 1 1.2 1.4
L
o
a
d
 [
k
N
]
Mid-span deflection [mm]
ARC-28 days
ARC-2W-Acid
ARC-4W-Acid
ARC-8W-Acid
Material Properties   S. Salek 
 
- 108 - 
 
Figure 3.35 Load-mid span deflection curves in MOR test of CC, ARM and ARC after 28 days 
of curing 
As shown, the small cylinders (100 mm× 200 mm) and large cylinders (150 mm × 
300 mm) lost greatest and lowest amounts of their masses after immersion in acid, 
respectively. This is due to difference in reaction surface of samples. The reaction 
surface is increased by using specimens with larger surface area/volume ratio 
(Monteny et al. 2000). This ratio for small cylinders and abovementioned prisms was 
0.05, whereas, this ratio for the large cylinders was 0.03, hence causing the small 
cylinders and prisms to lose much more mass comparing to the bigger cylinders. 
ARM and ARC had no mass loss after immersion in acid and just a small increase in 
the mass was observed due to penetration of sulphuric acid in external layers of 
specimens that will be further discussed in the next chapter.  
The linear relationship between the mass loss and compressive strength loss of CC 
specimens is depicted in Figure 3.37. This is in agreement with the findings of 
previous researchers in this regard (Hewayde et al. 2007; Singh & Siddique 2014). 
The rate of compressive strength loss versus increase in mass loss in this study is 
lower than these studies. It means for a certain level of mass loss, compressive 
strength of CC samples had lower decrease than the studied concretes by them. This 
can be due to different factors such as acid concentration, type of concrete, size of 
samples and testing procedure but the linear relationship was fully proven in 
experimental work of this research. 
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Figure 3.36 Mass loss of CC specimens after exposure to 7% sulphuric acid 
 
Figure 3.37 Relationship between mass loss and compressive strength loss of CC after exposure 
to acid 
3.3.2.2. Thymol Blue (TB) indicator 
Use of Thymol blue indicator revealed the depth of penetration of acid in all three 
sample types at different ages of exposure to acid. Figure 3.38 shows the photo of 
samples after this test and Table 3.10 summarises the depth of acid penetrated in 
different samples. As shown in Figure 3.38, CC and ARC had the highest and lowest 
acid penetration level, respectively, among the three types of samples.  
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In ARM and ARC the initial penetration rate is lower than CC. After six weeks of 
immersion in acid, corrosive agents cannot penetrate into these specimens any 
further due to the acid resistance of these materials that will be discussed in more 
details in next chapter.  
In CC, almost all the acid affected layer was washed out, hence, depth of acid 
penetration was measured through investigating the diameter loss and reported in 
Table 3.10. Some trace of acid is evident on the external layer of the CC samples 
(with the average thickness of 2.0 mm) as shown in Figure 3.38. The rate of 
penetration of acid in CC was fast till four weeks, and then it became slower between 
four weeks and eight weeks. This is attributed to the precipitation of gypsum in the 
corroded layer and reducing the acid ingress (Beddoe & Dorner 2005). After eight 
weeks of exposure to acid again this rate is accelerated and reaches 21.0 mm. 
(a) (b) (c) 
Figure 3.38 Thymol blue indicator to find the depth of penetration of acid, (a) conventional 
concrete, (b) acid resistant mortar and (c) acid resistant concrete 
Table 3.10 Depth of penetration of acid according to TB indicator test  
Mix reference 
2 Weeks 
in acid (mm) 
4 Weeks 
in acid (mm) 
6 Weeks 
in acid (mm) 
8 Weeks 
in acid (mm) 
CC 6.0* 14.0* 15.0* 21.0* 
ARM 5.0 8.0 12.0 12.0 
ARC 3.0 5.0 7.0 7.0 
* For the conventional concrete these numbers are diameter reduction after exposure to acid 
3.3.2.3. Qualitative hardness investigations 
The hardness test machine was employed to evaluate the hardness of the acid 
affected specimens made from ARM, ARC and CC (See Figure 3.39). For the ARM 
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and ARC, as was expected from observation, the internal core of the specimens, 
which were intact and not exposed to acid, had higher toughness comparing to the 
external layer which was affected by acid. The hardness of the external layer of 
ARM and ARC was almost 30% of the intact core for both ARM and ARC. It was 
found that the surface of samples would be categorized in two zones, namely, acid 
affected and not acid affected zones in terms of toughness property and the toughness 
is constant through each zone. 
For the conventional concrete, most of the acid affected layer was washed out and 
already gone, hence, could not be studied any further. However, a CC sample was 
tested. The limited acid affected areas existing on the surface (found from TB test) of 
CC samples showed almost no strength in a way that could be easily separated by 
hand.  
 
Figure 3.39 Hardness test set up to evaluate the toughness of acid exposed specimens 
qualitatively 
 Drying Shrinkage  
Figure 3.40 shows the results of drying shrinkage for ARM, ARC and CC till sixteen 
weeks after casting. The reported results are the average of three tested samples.  
As shown, ARM had a high amount of drying shrinkage and given the fine nature of 
the matrix, this was reasonable. This high amount of drying shrinkage is not 
acceptable for a concrete in structural applications. This issue was addressed by 
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introducing the ARC with 10 mm coarse aggregate, same water to cement ratio plus 
super plasticiser admixtures as discussed earlier.  
As shown in Figure 3.40, drying shrinkage results were promising for ARC and very 
similar to the CC with the maximum of about 800 microstrain. Most importantly, 
after 56 days drying shrinkage became constant for ARC and no more increase was 
observed. 
 
Figure 3.40 Drying shrinkage of ARM, ARC and CC 
According to AS 3600 (2009), the maximum drying shrinkage for structural concrete 
must not exceed 800 × 10−6 for Sydney and Brisbane, 900×10−6 for Melbourne and 
1000 microstrain elsewhere in Australia. It can be observed from the results that 
ARC meets the requirement of this Standard and behaved the same as the 
conventional concrete in this regard.  
 Impact Resistance (Split Hopkinson Pressure Bar)  
The findings of Split Hopkinson Pressure Bar (SHPB) test are discussed in this 
section. These results are categorized in two main parts. Firstly, failure modes of 
specimens during SHPB test from CC and ARC specimens captured by a high speed 
camera are discussed and comparisons are made. Afterward, maximum stress, strain 
and dynamic increase factor (DIF) for both types of samples are presented.   
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3.3.4.1. Comparison of failure processes 
Figure 3.41 shows a sample of the failure processes of CC and ARC specimens 
during the SHPB tests that have been recorded by a high speed camera with the 
capacity of taking one frame per micro second. The reached strain rate in these tests 
was 124.0 𝑠−1. 
As can be seen in the photos, conventional concrete (CC) developed major cracks at 
3.0µs and the entire sample strength is lost by 6.0µs. However, ARC showed some 
deformation at 3.0µs and even at 6.0µs. It kept bearing the load till 20µs and after the 
failure, ARC particles were large pieces with the dimensions of couple of centimetres 
whereas, CC samples became powder when subjected to impact load. For, almost all 
specimens a similar trend was observed and it is concluded that ARC failure is much 
slower than CC subjected to identical dynamic loading tests. In other words, failure 
of CC samples is more sudden compared to ARC.  
3.3.4.2. Maximum stress and strain and DIF for compressive strength 
Maximum stress, strain and Dynamic Increase Factor (DIF) for compressive strength 
and modulus of elasticity of concrete specimens are affected by the strain rate in 
SHPB tests according to previous research works (Hao & Hao 2013). In this 
research, these variables were investigated subjected to one constant strain rate 
(124.0 µs) and studying them subjected to different strain rates is out of the scope of 
this research.  
Table 3.11 and Table 3.12 summarise the maximum stress, strain and DIF of CC and 
ARC samples. As shown, maximum strain of CC samples in SHPB test was 0.034 
whereas, it was much higher for ARC (0.054). This was observed from the photos of 
high speed cameras as well. It is worth mentioning that the strain at peak stress from 
the static tests was also higher for ARC compared to CC (discussed in Section 
3.3.1.1). 
Dynamic Increase Factor (DIF) is the peak strength at the impact loads divided by 
that at the quasi-static loading rate and is calculated from Equation (3-6).  
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DIF = 
δd
δs
 (3-6) 
Where 𝛿𝑑  is the dynamic peak strength and 𝛿𝑠  is the peak strength at the quasi-static 
loading rate (1 mm/min) of concrete specimens.  
The calculated DIF in SHPB tests (presented in Table 3.11) for CC and ARC showed 
almost similar results to each other and to the plain concrete reported  by Hao and 
Hao (2013) subjected to the same strain rate (DIF of 1.66 and 1.79 for the strain rate 
of 103.8 and 131.3 , respectively). 
Table 3.11 Maximum strain, stress and DIF for compressive strength of CC specimens 
Specimen 
Type 
Specimen 
ID 
Maximum strain 
in SHPB test 
Dynamic 
strength in SHPB 
test (MPa) 
Static 
strength 
(MPa) 
DIF for 
compressive 
strength 
CC 
1535-03 0.019 94.0 54.0 1.7 
1535-04 0.014 64.0 54.0 *1.2 
1535-05 0.022 93.0 54.0 1.7 
1535-06 0.034 92.0 54.0 1.7 
* Outliers might be attributable to any possible errors in testing. 
Table 3.12 Maximum strain, stress and DIF for compressive strength of ARC specimens 
Specimen 
Type 
Specimen 
ID 
Maximum strain 
in SHPB test 
Dynamic 
strength in SHPB 
test (MPa) 
Static 
strength 
(MPa) 
DIF for 
compressive 
strength 
ARC 
1537-04 0.053 48.0 30.0 1.6 
1537-05 0.054 52.0 30.0 1.7 
1537-06 0.052 47.0 30.0 1.6 
1537-08 0.051 51.0 30.0 1.7 
1537-09 0.051 52.0 30.0 1.7 
1537-10 0.052 49.0 30.0 1.6 
 Investigation of Concrete Subjected to Elevated Temperatures 
3.3.5.1. Visual observations 
Explosive spalling of CC specimens were observed when the specimens were 
exposed to 600 °C and spalling began at approximately 550 °C (This statement is 
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made based on the sound of explosive spalling). Due to exposure of all three CC 
samples at about 600 °C, this sample series were not exposed to 800 °C. There was 
no explosion for ARC samples and no partial spalling such as corner spalling or 
surface layer delamination was observed in this study. However, ARC underwent 
expansion and general spalling at about 800°C and its failure at this temperature was 
very gradual and not sudden.  
Different factors are known to contribute to spalling and explosion of concrete 
subjected to high temperatures. The work done by Pan, Sanjayan and Kong (2012) 
investigated the effect of aggregate size on spalling of a type of geopolymer and 
Portland cement concrete . They concluded that concretes with less than 10 mm size 
of aggregates are vulnerable to spalling and explosion whereas, samples having 
larger aggregates (>14 mm) do not undergo any explosion. Low maximum size of 
aggregates used here (10 mm) seems to be the reason for explosion of CC samples at 
about 600 °C. However, ARC did not explode even till 1000°C. This is attributed to 
the existing PP fibres in ARC samples.  
These fibres which melt at high temperatures (about 400 °C), connect air voids in 
concrete and let moisture escape. Figure 3.42 show the CC specimens after exposure 
to elevated temperatures. As shown, CC did not undergo any colour change under 
200°C. After exposure to 400°C, the exposed surface of CC turned to light brown. 
This colour change on the surface can be seen for the exploded CC specimens 
subjected to 600°C as well.  
For ARC more colour changes were observed. As shown in Figure 3.43, no colour 
change was observed after 200°C. However, after exposure to 400°C, the exposed 
surfaces of specimens were observed to have some tiny brown strings. Inspection of 
the inside of the samples revealed the evidence of melting the fibres.  After 600°C, 
the surface and inside of the samples had a gradual change from light grey/brown 
colour on the surface to dark grey inside the sample. After exposure to 800°C, the 
surface of the ARC specimens turned to brown (dark pink). Inside the samples was 
brown as well. However, the core still remained grey. The ARC specimens were kept 
in the furnace till 1000°C to observe any colour changes and three different phases 
were observed in terms of colour: 1) the exposed surface with the pinkish colour, 2) 
yellow colour in the middle of the sample and 3) dark grey at the core of the samples. 
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All these three phases will be examined by SEM imaging and x-ray analysis to find 
possible reactions after exposure to each temperature. The failure mode for all ARC 
specimens was similar till 600°C. However, at 800°C spalling of the sample caused 
different failure type for ARC as shown in Figure 3.43. 
 
 
 
 
 
  
CC-ambient CC-200°C CC-400°C CC-600°C 
Figure 3.42 Physical appearance of CC samples after exposure to different temperatures  
  
 
  
 
 
ARC- 25°C ARC- 200°C ARC- 400°C ARC- 600°C ARC- 800°C ARC- 1000°C 
Figure 3.43 Physical appearance of ARC samples after exposure to different temperatures  
3.3.5.2. Change of compressive strength 
After exposure to high temperature, both CC and ARC specimens showed 
compressive strength reduction. Figure 3.44 demonstrates the relative compressive 
strength of CC and ARC specimens subjected to elevated temperatures. As shown, 
the compressive strength variation trend is similar for both ARC and CC in 
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temperatures lower than 400 ° C, initial loss of strength to 200° C and then slight 
increase to 400° C. 
Relative compressive strength[%}= 
Compressive strength at elevated Temperature 
Compressive strength at ambient Temperature [25°C]
 (3-7) 
The CC, exhibited about 50% loss in compressive strength at 550° C. The significant 
loss of strength experienced in the OPC concrete after 400 °C can be attributed to the 
dissociation of calcium hydroxide [Ca(OH)2], which is one of the main products of 
the hydration of Portland cement (Mendes, Sanjayan & Collins 2007). Dissociation is 
the process in which ionic compounds split into smaller particles and occurs between 
300 and 400 °C, with the dehydration of Ca(OH)2 occurring between 500 and 600 °C 
(Mendes, Sanjayan & Collins 2007), which also leads to strength reduction in OPC 
concrete. 
The compressive strength of CC has been lost at about 600 ℃ and the specimens 
exploded at about 650 ℃. Hence, no test results for CC after this level. 
It can be seen that after heating to high temperatures, the compressive strength of 
both concrete types experience three main stages: 
 Room temperature - 200 ℃, compressive strength of both concrete types 
decreases slightly. 
 200 – 400 ℃, compressive strength of both concrete types increases slightly. 
 400 ℃ afterwards, compressive strength of both concrete types decreases that 
this decrease is dramatic for CC, whereas, ARC possessed about 30% of its 
initial compressive strength even at 800℃. 
Concrete, at elevated temperatures, undergoes significant physicochemical changes. 
These changes cause properties to deteriorate at elevated temperatures. Thus, 
mechanical properties of concrete change substantially within the temperature range 
associated with building fires. Furthermore, many of these properties are temperature 
dependent and sensitive to testing (method) parameters such as heating rate, strain 
rate, temperature gradient, and so on.  
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Figure 3.44 Relative Compressive Strength of CC and ARC at various elevated temperatures 
Based on information presented here, although, high temperatures result in 
significant decrease in compressive strength in both CC and ARC, no explosion 
happened for ARC specimens (with the same type and size of aggregates) even after 
800℃.  
The failure of CC samples was also more brittle compared to ARC (This statement is 
made based on the sound of specimens at failure). For ARC specimens the sound of 
spalling could be heard for 5 to 6 seconds before failure happening, whereas, for CC, 
failure occurred without any notice. This is of high importance in structural 
performance as provides time to evacuate the structure and save lives. 
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3.4. Concluding Remarks 
Different material properties of acid resistant concrete (ARC), acid resistant mortar 
(ARM) and conventional concrete (CC) were investigated in the laboratory. These 
properties included mechanical properties tests before and after exposure to sulphuric 
acid solution, some qualitative acid resistance tests, drying shrinkage, fire resistance 
and impact resistance of concretes.  
To conclude this chapter, the important findings of the chapter are presented as 
follows; 
 Compressive strength of ARC was in an acceptable range to be used as a 
structural concrete despite having much lower Portland cement compared to the 
CC. This concrete worked much better than the CC even after eight weeks of 
immersion in acid in terms of loss of compressive strength where conventional 
concrete was degraded and could not be tested after this period of exposure to 
acid. The strain at peak compressive load of all types of concretes (CC, ARM, 
and ARC) increased after exposure to acid. 
 Tensile strength and flexural strength (MOR) of concrete are less sensitive to 
acid exposure compared to its compressive strength. However, for all three types 
of materials these properties increased slightly after exposure to acid that could 
be due to some unstable chemical reactions in specimens subjected to acid and 
according to previous research they are predicted to decrease eventually. The 
results of load-deflection from MOR tests showed acceptable flexural toughness 
and higher ductility for ARC compared to the CC. 
 Modulus of elasticity of ARM did not change after exposure to acid, whereas, 
ARC and CC had a slight decrease of MOE properties that was expected given 
the decrease of compressive strength of these materials. 
 From mass loss and Thymol blue tests the following results were observed; 
 ARC and ARM had no mass loss, whereas, CC lost considerable mass 
after exposure to acid due to degradation of its cement paste (initially 
portlandite). 
 Mass loss of CC samples after immersion in acid is proportional to the 
Area/Volume ratio of specimens. 
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 TB indicator showed less penetration depth for ARC compared to ARM 
and CC. It also showed penetration of acid in ARM and ARC is prevented 
after initial period of exposure to acid and hence, there was no difference 
between penetration depth of acid after 6 weeks and 8 weeks for these 
samples. 
 Drying shrinkage of ARC was in acceptable range after 18 weeks and 
comparable to the CC with the maximum of about 800 microstrain. Hence, 
promising for structural application in this regard. 
 Investigation of dynamic mechanical properties of ARC and CC in SHPB test 
showed higher peak strain for ARC compared to CC (0.05 versus 0.03). From the 
images captured by high speed cameras, it was found that the failure mode of 
ARC was different from CC. The failure of CC was more brittle and more 
deformation was observed for ARC compared to CC.  
 Evaluation of compressive strength of CC and ARC subjected to elevated 
temperature led to explosion of CC samples at about 600 °C whereas, no 
explosion was observed for ARC. This behaviour of ARC can be attributed to the 
existing fibres in the matrix of ARC that were melted at 400 °C and provided 
escaping channels from the inside to outside of specimens. Change of colour in 
CC and ARC specimens varied due to different reactions after exposure to heat. 
The reasons for these colour changes will be explored in the next chapter. In 
terms of compressive strength loss under elevated temperature, ARC lost 30%, 
20%  40% and 75 % of its initial strength after exposure to 200 °C, 400 °C, 600 
°C and 800 °C and CC lost 20%  and 10% of its initial strength after 200 °C and 
400 °C respectively and exploded at about 600 °C. 
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Chapter 4 
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 Structural Performance 
4.1. Introduction 
In this chapter, structural performance of the novel acid resistance concrete (ARC) 
will be investigated comprehensively through conducting eight static and eight cyclic 
flexural four-point test on beams specimens. The geometry of specimens, material 
properties, methodology, and experimental results will be described. Furthermore, at 
the end of this chapter another application of this novel concrete as alternative 
material in beam-column joints has been evaluated by carrying out experiments and 
also to provide benchmark for future studies. 
4.2. Structural Performance of Flexural Member Exposed to 
Acid   
 Preparation of Specimens (Fabrication and Geometrical Details) 
Sixteen reinforced beams with two types of concretes i.e. acid resistant concrete 
(ARC) and conventional concrete (CC) were fabricated and tested to evaluate 
behaviour of such structures before and after exposure to sulphuric acid solution at 
different ages of immersion. The RC beams were designed according to AS3600 
(2009) and are 2000 mm in length, 200 mm in height and 150 mm in width. The 
same reinforcing bars (i.e. diameter and properties) with equal reinforcement ratio 
were used to build steel cages. The dimension of the beams and reinforcement details 
are presented in Figure 4.1. Since, the type of concrete was the main parameter in 
this study, the other factors (variables) were kept constant during this research for 
both types of concretes. 
After assembling steel cages, they were placed into the plywood moulds and uniform 
concrete cover was provided in all directions of the concrete beams using plastic bar 
chairs and wheel spacers (see Figure 4.2). Thereafter, conventional and acid resistant 
concrete at different stages were cast and compacted in the same way. Finally, the 
concrete surface was levelled and covered by plastic sheet to launch curing process. 
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Figure 4.1 Specimens dimensions and reinforcement details 
 
  
(a) (b) 
  
(c) (d) 
Figure 4.2 Preparation of RC beams for flexural tests, (a) reinforcing cages, (b) plywood 
moulds, (c) reinforcing cages in the moulds and (d) cast beam 
RC beam samples were wet-cured in moulds for 7 days and after that demoulded and 
air cured until 56 days. 
Except for four beams (two from each type of concrete), all beams were immersed in 
sulphuric acid solution with concentration of 7 percent (Same as the acid solution 
used in materials tests-mentioned in Section 3.2.2.1) until the test dates (see Figure 
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4.3). The beams were kept in acid solution for different ages including four weeks, 
eight weeks and twelve weeks. The concentration of solution was monitored during 
this time similar to what had been done in material properties testing as discussed in 
Section 3.2.2.1. 
  
(a) (b) 
 
(c) 
Figure 4.3 Submerging the concrete beams in acid solution, (a) preparation of acid solution in 
small containers, (b) placing RC beams in acid tank by use of forklift and (c) CC beams after 
four weeks of immersion in 7% sulphuric acid 
At each specific age of immersion, two beams from each kind of concrete were 
tested. First of the two specimens was tested under increasing static load and the 
other one was loaded cyclically. The details of specimens including; concrete 
compressive strength, the age of immersion and the type of tests are presented in 
Table 4.1.  
At each age, before testing, acid exposed beams were taken out of acid tank by use of 
forklift and observing special precautions. Then, to wash the beams before tests, they 
were immersed in the same size tank containing water and afterwards, they were 
washed with wire brush following the same procedure used in mechanical properties 
tests (discussed in Section 3.2.6.1). Some parts of acid exposed beams such as points 
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of loading and supports were capped to prevent sliding of the rough surface of 
specimens on supports or under load plates. 
Table 4.1 Details of beams specimens 
No 
Specimen 
designation 
Concrete 
type 
Immersion 
age 
Type of test 
1 CC-0W-S* CC 0-week static 
2 CC-0W-C** CC 0-week cyclic 
3 CC-4W-S CC 4-weeks static 
4 CC-4W-C CC 4-weeks cyclic 
5 CC-8W-S CC 8-weeks static 
6 CC-8W-C CC 8-weeks cyclic 
7 CC-12W-S CC 12-weeks static 
8 CC-12W-C CC 12-weeks cyclic 
9 ARC-0W-S ARC 0-week static 
10 ARC-0W-C ARC 0-week cyclic 
11 ARC-4W-S ARC 4-weeks static 
12 ARC-4W-C ARC 4-weeks cyclic 
13 ARC-8W-S ARC 8-weeks static 
14 ARC-8W-C ARC 8-weeks cyclic 
15 ARC-12W-S ARC 12-weeks static 
16 ARC-12W-C ARC 12-weeks cyclic 
                       * Static loading test 
                       ** Cyclic loading test 
 Materials Properties 
4.2.2.1. Steel reinforcement  
10 mm diameter deformed and plain steel bars are used to reinforce the concrete 
beams longitudinally and transversely, respectively. The properties of steel bars are 
presented in Table 4.2. The stress-strain relationship of longitudinal steel bars was 
derived from tensile tests performed in accordance with AS 1391 (2007). Proof 
strength at 0.1% strain is also determined to define the yield strength of steel bars 
(Figure 4.4). 
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Table 4.2 Properties of steel reinforcement 
Diameter 
Type 
Designation Uniform Ductility fsy fsu 
Function 
[mm] grade* strain1 class1 [MPa] [MPa] 
10 Plain R250N 0.05 N 250** - Stirrup 
10 Deformed D500L 0.02 L 590 680 Longitudinal 
12 Deformed D500L 0.02 L 590 680 Longitudinal 
* In accordance with AS 3600 (2009) 
** Characteristic yield strength 
 
Figure 4.4 Stress-strain curve for 10 mm rebar 
4.2.2.1. Conventional concrete (CC) 
The conventional concrete (CC) used in structural tests was exactly the same 
concrete used in mechanical properties investigations. Its 28-day and 56-day 
compressive strength, water to binder ratio and slump were 44.5 MPa, 54.0 MPa, 0.4 
and 140 ±10 mm, respectively. It contains shrinkage limited cement, fly ash (Type 
F), fine and coarse aggregates and water reducing (WR) admixtures. More 
information about the characteristics and ingredients of CC has been provided in 
Section 3.2.1.1 of material properties tests. 
4.2.2.2. Acid resistant concrete (ARC) 
The second series of beams were cast by acid resistant concrete (ARC). It has 28-day 
and 56-day compressive strength of 31.0 MPa and 44.5 MPa and is made of acid 
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resistant concrete (ARC). More details about the materials properties of ARC have 
been presented in Section 3.2.1.3. 
 Test Methodology and Instrumentation 
Minimum of 56 days of curing (7 days of wet curing and then air curing) was 
performed for the specimens to ensure that sufficient strength is gained due to the 
effect of fly ash that mostly reduces the rate of concrete strength development 
(Felekoğlu, Tosun & Baradan 2009).  
Afterwards, acid exposed ARC and CC reinforced beams were assessed under four-
point static and cyclic loading tests, at different ages of exposure to acid, i.e., 0 week, 
4 weeks, 8 weeks and 12 weeks,. 
Ultimate load and flexural capacity, ductility index, stiffness degradation, energy 
dissipation and damping ratio of immersed beams are measured, calculated and 
compared to reference ones (not exposed to acid) to have better understanding of 
behaviour of new concrete in acidic environments. The details of specimens and the 
type of tests (static or cyclic) are presented in Table 4.1.  
4.2.3.1. Test set up 
All specimens were fabricated with a length of 2000 mm while the span of tested 
beam was set to 1900 mm to have enough space for providing support conditions.  
The test set-up is shown in Figure 4.5. The beam was settled on two supports in a 
way to satisfy the simply supported beam condition. Both supports prevent the beam 
to move vertically while they allow for rotation freely. The horizontal displacement 
at one of the supports is prevented to provide pin support condition. 
Tests were carried out by means of universal testing machine with a 2000 kN 
capacity. All beams were loaded monotonically by displacement control procedures 
with the rate of 0.1mm/s and it continued after the peak load in static test. The load 
was applied through a spreader beam at two points on top of concrete beams in one 
third (1/3) and two third (2/3) of beam spans (see Figure 4.6). 
 
 
Structural Performance   S. Salek 
 
- 129 - 
 
Figure 4.5 Test set up of 4-point bending test for RC members 
 
  
(a) (b) 
Figure 4.6 Test set up for flexural tests of beams, (a) beams under load plates and (b) CC beam 
in universal testing machine 
The same test set up, test rig and boundary conditions were used for performing four-
point cyclic tests. To perform cyclic tests, load control procedure was applied. The 
load pattern during cyclic test is demonstrated in Figure 4.7. In this series of tests, 
specimens were loaded up to a pre-set load according to the load pattern and then 
unloaded with the same rate of loading. The test continued until the failure of 
samples.  
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Figure 4.7 Load regime of 4-point cyclic test 
4.2.3.2. Instrumentation 
In addition to total applied load, which was measured by universal testing machine, 
the beam deflection at three different locations (i.e. under the loads and also mid-
span) were measured by use of LVDTs alongside of the beams. Furthermore, the 
strains in concrete at different levels of the section at mid span were recorded by five 
60 mm concrete strain gauges which were attached to the face of the beam at mid-
span before tests. The strain gauge results in this test were used to calculate the 
curvature at mid-span. The location of LVDTs and concrete strain gauges are 
illustrated in Figure 4.8. Similar instrumentation was utilized in both static and cyclic 
tests. 
 
Figure 4.8 Instrumentation for the flexural test of RC beams (LVDTs and strain gauges 
arrangement) 
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 Test Results  
In this section, the outcomes of the experiments for each specimen are explained and 
discussed in details. Also, the results of all specimens at different ages of exposure to 
acid solution are compared to reference samples (i.e. not exposed to acid) to evaluate 
not only the structural performance of the new concrete (ARC) compared to CC in 
normal environments but also the efficiency of ARC in improving the acid resistance 
performance of flexural RC members.  
4.2.4.1. Four-point static test results 
As mentioned before, the values of the loads and deflections during the tests were 
measured and recorded to understand and establish load-deflection behaviour of 
materials subjected to different environments. Strain gauges did also record changes 
of strain in section along the depth of the beam at mid-span. Since, the plane sections 
were assumed to remain plane, the strain values were used to calculate the curvature 
and therefore, to draw moment-curvature in cross-section at mid-span. Strain gauge 
results were utilized until their readings became unreliable due to developing cracks 
toward the top surface of concrete beams.  
Load versus deflection at mid-span curves for all beams are presented in Figure 4.9 
and Figure 4.10 . Also the summary of results for all CC and ARC specimens are 
given in Table 4.3. It is observed that the load increases linearly with displacement 
rising till when the first cracks appear. Afterward, the graph slope changes slightly 
due to progressing deflection and load increases until the reinforcing bars yield. 
From there, the rate of load increase reduces while the deflection increases 
significantly until the rupture of the reinforcing bars occur after the peak load which 
causes final failure of the beams. This behaviour applies to all beams with two 
different types of concrete and at various ages of exposure to acid solution.  
From Figure 4.11 (where the load versus deflection graphs for CC and ARC beams at 
the same age of exposure to acid is shown), it is found out that ARC performs almost 
similar to the CC till 12 weeks of exposure to acid. However, after 12 weeks, its 
behaviour is superior to CC as the CC-12WS beam exposed to acidic environment 
did lose a part of its concrete cover (see Figure 4.13) and hence, the ultimate load 
capacity of the beam dropped significantly. In this specimen 43% strength reduction 
is observed compared to ultimate strength of CC-0WS beam as reference point (see 
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Figure 4.9 and Table 4.3). This huge reduction can be attributed to reducing the 
height of section which led to smaller lever arm in the section as well as the initial 
corrosion of reinforcing bars.  
In contrast, ARC beams did not show any considerable change at different ages of 
exposure to acid as the ultimate capacity of the ARC beams subjected to acid attack 
did not alter notably and almost remained constant (see Figure 4.10 and Figure 4.12 
and Table 4.3). For instance, ARC-12WS beam after 12 weeks of immersion in acid 
solution has only 10 % reduction in ultimate load capacity in comparison with ARC-
0WS beam peak load as reference point.  
In general, it can be inferred that the conventional concrete cannot withstand the acid 
attack over long period of time and even thick cover eventually gets corroded and 
acid will reach the reinforcing bars. This may cause inevitable and irreversible 
damage to structures as reinforcing bars will be corroded very quickly. While, by 
using this new material in acidic environments, this problem can be addressed 
adequately. The mechanism of acid attack in both types of materials and the reason 
for the better performance of ARC compared to CC are explored more through 
microstructural analysis discussed in Chapter 5. 
 
Figure 4.9 Load versus defection curves of CC beams at different exposure age to acid   
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Figure 4.10 Load versus defection curves of ARC beams at different exposure age to acid   
  
  
Figure 4.11 Comparison of load-defection curves of CC and ARC beams exposed to acid at 
different ages 
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Figure 4.12 Normalized peak load of CC and ARC beams exposed to acid at different ages 
 
Figure 4.13  Conventional concrete (CC) and acid resistant concrete (ARC) RC beams after 12 
weeks of exposure to 7% sulphuric acid 
In this section, the ductility factor μ, which is defined as the ratio of the ultimate 
displacement δu to the yielding displacement δy, is calculated as a displacement 
ductility norm by using Equation (4-1); 
μ =
δu
δy
 (4-1) 
Where δu is the ultimate (maximum) displacement and δy is the yield displacement.  
CC-12WS 
ARC-12WS 
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The determination of yield displacement is often associated with difficulty because, 
the load-displacement relationship may not have a well-defined yield point due to 
non-linear behaviour of materials and different load levels are required to form 
plastic hinges in structural members. Moreover, there are various assumptions to 
calculate  the ultimate (maximum) displacement that consider the capacity of a 
structure to withstand more deformation beyond the peak load without notable drop 
in strength (Park 1988). In this study, for all CC and ARC beams, the secant modulus 
at 75% ultimate load is selected to measure displacement at yielding point. 
Furthermore, the ultimate displacement (δu) is taken as the displacement of the beam 
when the load has dropped to 85% of the maximum load, in post peak (Park 1988). 
The calculated ductility factors of all concrete beams are calculated and given in 
Table 4.3 and the calculation steps are displayed in Figure 4.14 to Figure 4.21. 
Table 4.3. Outcomes of test results for CC and ARC beams 
No 
Specimen 
designation 
Concrete 
type 
Immersion 
age 
Δy* Δu** µ Py(kN) Pu(kN) 
Strength 
reduction  
1 CC-0W-S CC 0-week 20.03 39.03 1.95 69.82 93.07 0.00 
2 CC-4W-S CC 4-weeks 18.15 39.80 2.19 66.31 88.41 0.05 
3 CC-8W-S CC 8-weeks 20.67 37.80 1.83 62.03 82.70 0.11 
4 CC-12W-S CC 12-weeks 15.07 39.80 2.64 39.63 52.84 0.43 
5 ARC-0W-S ARC 0-weeks 16.67 44.80 2.69 65.95 87.93 0.00 
6 ARC-4W-S ARC 4-weeks 44.30 18.00 2.46 63.87 85.16 0.03 
7 ARC-8W-S ARC 8-weeks 14.00 49.70 3.55 60.17 80.23 0.09 
8 ARC-12W-S ARC 12-weeks 16.80 42.28 2.52 59.12 78.83 0.10 
* Yield displacement 
**Ultimate displacement 
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Figure 4.14 Equivalent yield displacement and ultimate displacement of CC-0WS beam 
According to Figure 4.14; 
Yield displacement = 20.03 mm 
Ultimate displacement = 39.03 mm 
By means of Equation (4-1) ductility factor is equal to; 
μ =
δu
δy
=
39.03
20.03
= 1.95 
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Figure 4.15 Equivalent yield displacement and ultimate displacement of CC-4WS beam 
According to Figure 4.15; 
Yield displacement = 18.15 mm 
Ultimate displacement = 39.80 mm 
By means of Equation (4-1) ductility factor is equal to; 
μ =
δu
δy
=
39.80
18.15
= 2.19 
 
 
18.15 mm 
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Figure 4.16 Equivalent yield displacement and ultimate displacement of CC-8WS beam 
According to Figure 4.16; 
Yield displacement = 37.80 mm 
Ultimate displacement = 20.67 mm 
By means of Equation (4-1) ductility factor is equal to; 
μ =
δu
δy
=
37.80
20.67
= 1.83 
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Figure 4.17 Equivalent yield displacement and ultimate displacement of CC-12WS beam 
According to Figure 4.17; 
Yield displacement = 39.80 mm 
Ultimate displacement = 15.07 mm 
By means of Equation (4-1) ductility factor is equal to; 
𝜇 =
𝛿𝑢
𝛿𝑦
=
39.80
15.07
= 2.64 
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Figure 4.18 Equivalent yield displacement and ultimate displacement of ARC- 0WS beam 
According to Figure 4.18; 
Yield displacement = 16.67 mm 
Ultimate displacement = 44.80 mm 
By means of Equation (4-1) ductility factor is equal to; 
𝜇 =
𝛿𝑢
𝛿𝑦
=
44.80
16.67
= 2.69 
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Figure 4.19 Equivalent yield displacement and ultimate displacement of ARC- 4WS beam 
According to Figure 4.19; 
Yield displacement = 18.00 mm 
Ultimate displacement = 44.30 mm 
By means of Equation (4-1) ductility factor is equal to; 
𝜇 =
𝛿𝑢
𝛿𝑦
=
44.30
18.00
= 2.46 
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Figure 4.20 Equivalent yield displacement and ultimate displacement of ARC- 8WS beam 
According to Figure 4.20; 
Yield displacement = 49.70 mm 
Ultimate displacement = 14.00 mm 
By means of Equation (4-1) ductility factor is equal to; 
𝜇 =
𝛿𝑢
𝛿𝑦
=
49.70
14.00
= 3.55 
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Figure 4.21 Equivalent yield displacement and ultimate displacement of ARC- 12WS beam 
According to Figure 4.21; 
Yield displacement = 16.80 mm 
Ultimate displacement = 42.28 mm 
By means of Equation (4-1) ductility factor is equal to; 
𝜇 =
𝛿𝑢
𝛿𝑦
=
42.28
16.80
= 2.52 
The summary of above calculations is presented in Table 4.3. The results show that, 
all CC and ARC beams displayed almost the same level of ductility at different ages 
of exposure to acid solution and they can be ranked in low to moderate ductility 
category. The main reason for this behaviour can be attributed to using low ductile 
reinforcing bars available in market. However, the ductility in ARC beams was 
slightly higher than the CC beams. Again it seems that this novel material can behave 
similar to the normal concrete and because of acid resistance properties can be used 
as a suitable substitution to concrete in acidic environments with similar ductility. 
In addition to load versus deflection, the moment-curvature relationship is used to 
assess non-linear behaviour of reinforced CC and ARC beams under monotonic 
loading. As most of the deformation in beams arise from the strains associated with 
flexure (Kwak & Kim 2002), in this section, flexural behaviour of the specimens are 
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analysed by means of  collected data from strain gauges in the mid-span (shown in 
Figure 4.8).   
Curvature in the section (κ or Ø), a measure of local bending deformation, is the 
rotation per unit length (δθ/δx). This value can be calculated either by inverse of the 
radius of curvature measured at the neutral axis (κ=1/R) or from the slope (gradient) 
of the strain profile (Warner, Foster & Kilpatrick 2007) (see Figure 4.22 and 
Equation (4-2)).  
 
Figure 4.22 flexural deformation and curvature (Warner, Foster & Kilpatrick 2007) 
κ = ∅ = 
δθ
δx
 = 
1
R
 = 
εcc+ εts
d
 (4-2) 
For this purpose, the strain at different levels of sections were measured by use of 
five concrete strain gauges mounted on the beam face in mid-span,. The compressive 
strain was obtained from the top strain gauge attached to the concrete face (SG-C.1) 
(shown in Figure 4.8) while, the tensile strain was obtained from the strain gauges at 
the level of steel bars (SG-C.4) both at mid-spans. The readings of SG-C.5 were not 
used as they did not seem reliable due to growing of the cracks. 
The moment and curvature were determined for all the specimens according to the 
collected data and using Equation (4-2). These values are calculated for loading 
levels starting from 5 kN up to the failure with 5kN increments in applied load. 
These calculations are summarized in Table 4.4 to Table 4.11.  
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Table 4.4. Moment and curvature calculations - beam CC-0WS 
Load 
(kN) 
Moment 
(kN.m) 
Strain in 
compression SG1 
(× 10-6) 
Strain in tension SG4                          
(× 10-6) 
Curvature
(rad) 
0 0.00 0 0 0.0000 
5 1.60 -40 -4 0.0002 
10 3.17 -92 8 0.0006 
15 4.78 -209 700 0.0059 
20 6.35 -282 1010 0.0083 
25 7.95 -339 1328 0.0108 
30 9.51 -418 1620 0.0131 
35 11.10 -495 1922 0.0156 
40 12.70 -593 2383 0.0192 
45 14.27 -687 2751 0.0222 
50 15.84 -776 3036 0.0246 
55 17.44 -863 3348 0.0272 
60 19.00 -982 3946 0.0318 
65 20.58 -1088 4612 0.0368 
70 22.17 -1252 5722 0.0450 
75 23.77 -1471 7426 0.0574 
80 25.35 -1610 8528 0.0654 
85 26.92 -1822 10330 0.0784 
90 28.51 -2052 12632 0.0947 
93 29.47 -2269 14498 0.1082 
90 28.48 -2383 14566 0.1093 
Table 4.5. Moment and curvature calculations - beam CC-4WS 
Load (kN) Moment (kN.m) 
Strain in 
compression SG1 
(× 10-6) 
Strain in tension 
SG4                          
(× 10-6) 
Curvature (rad) 
0 0.00 0 0 0.0000 
5 1.60 -30 17 0.0003 
10 3.16 -92 38 0.0008 
15 4.75 -203 418 0.0040 
20 6.35 -272 826 0.0071 
25 7.92 -334 1213 0.0100 
30 9.50 -417 1483 0.0123 
35 11.09 -484 1609 0.0135 
40 12.68 -545 1772 0.0149 
45 14.30 -599 1919 0.0162 
50 15.83 -659 2083 0.0177 
55 17.44 -732 2324 0.0197 
60 19.01 -840 3000 0.0248 
65 20.57 -938 3740 0.0302 
70 22.19 -1103 5056 0.0397 
75 23.75 -1351 6571 0.0511 
80 25.34 -1588 8035 0.0621 
85 26.93 -1769 9562 0.0731 
88 28.00 -1922 11201 0.0847 
85 26.92 -2001 11412 0.0865 
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Table 4.6 Moment and curvature calculations - beam CC-8WS 
Load 
(kN) 
Moment 
(kN.m) 
Strain in compression 
SG1 (× 10-6) 
Strain in tension SG4                          
(× 10-6) 
Curvature 
(rad) 
0.0 0.00 0 0 0.0000 
5.0 1.58 -42 21 0.0004 
10.0 3.16 -105 120 0.0015 
15.0 4.75 -283 523 0.0052 
20.1 6.35 -397 1033 0.0092 
25.0 7.92 -484 1345 0.0118 
30.0 9.50 -597 1722 0.0150 
35.0 11.09 -684 2011 0.0174 
40.0 12.67 -745 2215 0.0191 
45.0 14.25 -899 2399 0.0213 
50.0 15.83 -959 2704 0.0236 
55.0 17.42 -1032 3369 0.0284 
60.0 19.01 -1140 4177 0.0343 
65.0 20.57 -1208 5208 0.0414 
70.0 22.17 -1303 6724 0.0518 
75.0 23.75 -1451 8734 0.0657 
80.0 25.34 -1788 10680 0.0804 
82.7 26.19 -1969 12709 0.0947 
80.0 25.33 -2022 13373 0.0993 
Table 4.7 Moment and curvature calculations - beam CC-12WS 
Load 
(kN) 
Moment 
(kN.m) 
Strain in compression 
SG1 (× 10-6) 
Strain in tension SG4                          
(× 10-6) 
Curvature
(rad) 
0.0 0.0 0 0 0.0000 
5.0 1.6 -57 20 0.0006 
9.7 3.1 -249 332 0.0048 
15.0 4.8 -383 1043 0.0119 
19.8 6.3 -507 1461 0.0164 
25.1 7.9 -578 1953 0.0211 
29.7 9.4 -689 2471 0.0263 
35.0 11.1 -836 3103 0.0328 
40.0 12.7 -966 3908 0.0406 
45.0 14.3 -1099 4928 0.0502 
50.0 15.8 -1218 6797 0.0668 
52.6 16.6 -1622 9543 0.0930 
52.6 16.7 -1692 11321 0.1084 
52.8 16.7 -1744 11968 0.1143 
50.0 15.8 -1844 12522 0.1197 
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Table 4.8 Moment and curvature calculations beam - ARC-0WS 
Load 
(kN) 
Moment 
(kN.m) 
Strain in compression 
SG1 (× 10-6) 
Strain in tension SG4                          
(× 10-6) 
Curvature
(rad) 
0 0 0 0 0.0000 
5.0 1.6 -46 38 0.0006 
10.0 3.2 -90 104 0.0013 
15.0 4.8 -162 299 0.0031 
20.0 6.3 -271 835 0.0074 
25.0 7.9 -367 1454 0.0121 
30.0 9.5 -441 1793 0.0149 
35.0 11.1 -525 2147 0.0178 
40.0 12.7 -600 2467 0.0204 
45.0 14.3 -700 2907 0.0240 
50.0 15.8 -774 3269 0.0270 
55.0 17.4 -898 3750 0.0310 
65.0 20.6 -1047 4809 0.0390 
70.0 22.2 -1316 7745 0.0604 
75.0 23.8 -1546 9156 0.0713 
80.2 25.4 -1829 10743 0.0838 
85.1 26.9 -2074 12606 0.0979 
87.9 27.8 -2235 13779 0.1068 
82.2 26.0 -2342 15501 0.1190 
Table 4.9 Moment and curvature calculations - beam ARC-4WS 
Load 
(kN) 
Moment 
(kN.m) 
Strain in compression 
SG1 (× 10-6) 
Strain in tension SG4                          
(× 10-6) 
Curvature 
(rad) 
0 0.0 0 0 0.0000 
5 1.6 -43 52 0.0006 
10 3.2 -91 187 0.0019 
15 4.8 -181 657 0.0056 
20 6.3 -251 986 0.0082 
25 7.9 -308 1368 0.0112 
30 9.5 -369 1671 0.0136 
35 11.1 -445 2023 0.0165 
40 12.7 -505 2309 0.0188 
45 14.3 -590 2756 0.0223 
50 15.8 -655 3147 0.0253 
55 17.4 -749 3545 0.0286 
60 19.0 -863 4012 0.0325 
65 20.6 -930 5152 0.0405 
70 22.2 -986.5 6322 0.0487 
75 23.8 -1043 7747 0.0586 
80 25.3 -1307 9023 0.0689 
85 26.9 -1498 10478 0.0798 
80 25.3 -1448 11785 0.0882 
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Table 4.10 Moment and curvature calculations - beam ARC-8WS 
Load 
(kN) 
Moment 
(kN.m) 
Strain in compression 
SG1 (× 10-6) 
Strain in tension SG4                          
(× 10-6) 
Curvature 
(rad) 
0 0.0 0 0 0.0000 
5 1.6 -46 21 0.0003 
10 3.2 -85 41 0.0005 
15 4.8 -141 72 0.0009 
20 6.3 -278 1170 0.0051 
25 7.9 -402 1992 0.0085 
30 9.5 -485 2446 0.0105 
35 11.1 -576 2873 0.0124 
40 12.7 -650 3257 0.0141 
45 14.3 -760 3761 0.0163 
50 15.8 -826 4141 0.0172 
55 17.4 -970 4644 0.0196 
60 19.0 -1186 6278 0.0286 
67 21.2 -1819 11078 0.0513 
70 22.2 -2005 12545 0.0585 
75 23.8 -2250 14025 0.0667 
80 25.3 -2596 15540 0.0759 
78 24.7 -2744 16985 0.0840 
Table 4.11 Moment and curvature calculations - beam ARC-12WS 
Load 
(kN) 
Moment 
(kN.m) 
Strain in compression 
SG1 (× 10-6) 
Strain in tension SG4                          
(× 10-6) 
Curvature
(rad) 
0 0.0 0 0 0.0000 
5 1.6 -49 38 0.0006 
10 3.2 -94 73 0.0011 
15 4.8 -162 113 0.0018 
20 6.3 -285 275 0.0036 
25 7.9 -395 951 0.0087 
30 9.5 -474 1205 0.0108 
35 11.1 -560 1476 0.0131 
40 12.7 -653 1766 0.0156 
45 14.3 -760 2120 0.0186 
50 15.8 -853 2426 0.0212 
55 17.4 -991 2976 0.0256 
60 19.0 -1105 4111 0.0337 
67 21.2 -1216 7138 0.0539 
70 22.2 -1704 8765 0.0675 
75 23.8 -2299 10652 0.0836 
78.83 25.0 -2406 13589 0.1032 
75 23.8 -2544 14109 0.1074 
 
The moment-curvature curves are also presented in Figure 4.23 and Figure 4.24. 
Similar to load-deflection graphs, in these graphs the moment resistance increases by 
increasing the curvature at mid-span rapidly while after yielding of the reinforcing 
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bars, the rate of moment enhancement reduces remarkably and curvature increases 
sharply till failure. The effect of acid corrosion on CC and ARC beams is also clear 
as the moment resistance of CC beams suddenly drops after 12 weeks of immersion 
in acid solution while the ARC beams showed almost the same moment resistance at 
different ages of acid attack  
 
Figure 4.23 Moment versus curvature of CC beams at different age of exposure to acid solution 
 
Figure 4.24 Moment versus curvature of ARC beams at different age of exposure to acid 
solution 
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4.2.4.2. Four-point cyclic test 
For further investigation of structural properties of this novel material as acid 
resistant concrete, eight CC and ARC beams (see Table 4.3), with identical 
properties to static specimens, were tested under cyclic loading regimes after various 
ages of submerging in the same sulphuric acid solution. Stiffness degradation, energy 
absorption capacity and damping ratio of different reinforced CC and ARC beams 
are the parameters that can be calculated from obtained data for each specimen at 
each cycle.  
Since, similar specimens to static tests were tested in cyclic tests, (i.e., the same 
properties including reinforcement ratio, geometry, concrete compressive strength 
and same age of immersion in acid solution) almost similar results can be extracted 
from envelops of load-deflection graphs. Therefore, in this section the results which 
are specifically related to cyclic tests will be explained and discussed. Test set up, 
instrumentation and test procedure were described in the previous section, however, 
the general arrangement of test set up is presented in Figure 4.25. 
In this study, the beams were loaded only under positive loading at each cycle. Load 
gradually increased from one cycle to another until the failure. It should be 
mentioned that in calculation of damping ratio, energy dissipation and stiffness 
degradation, the characteristics of hysteresis loop due to negative loading, was 
assumed to be equal to positive portion. For instance, in order to calculate area of 
each loop that gives energy dissipation, the area of loop under positive loading was 
multiplied by two.  
The load-deflection curves of cyclic tests for each beam under positive loadings are 
presented in Figure 4.26 to Figure 4.33. 
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(a) 
 
(b) 
Figure 4.25 Four-point cyclic test, (a) set up and data collectors and (b) testing CC beam after 
four weeks in acid 
 
 
CC-4w-C 
Loading points 
Strain gauges 
LVDTs 
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Figure 4.26 Hysteresis curves for beam CC-0WC 
 
 
 
Figure 4.27 Hysteresis curves for beam CC-4WC 
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Figure 4.28 Hysteresis curves for beam CC-8WC 
 
 
 
Figure 4.29 Hysteresis curves for beam CC-12WC 
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Figure 4.30 Hysteresis curves for beam ARC- 0WC 
 
 
 
Figure 4.31 Hysteresis curves for beam ARC- 4WC 
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Figure 4.32 Hysteresis curves for beam ARC- 8WC 
 
 
 
Figure 4.33 Hysteresis curves for beam ARC- 12WC 
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In cyclic loading, in addition to the dissipated energy which is the area enclosed in 
each hysteresis loop (ED), the strain energy (ES0) and the damping ratio (ξ) can be 
calculated using Equations (4-3) and (4-4). 
  ES0 = 
k u0
2
2
 (4-3) 
ξ =
1
 2π
ED
ES0
 (4-4) 
 
where, u0 is equal to the maximum deformation in each cycle and k is the peak-to-
peak secant stiffness for each complete loading cycle.  
The summary of stiffness degradation, strain energy, dissipated energy and damping 
ratio calculations for CC and ARC concrete beams are presented in Table 4.12 to 
Table 4.19. 
Table 4.12 Hysteresis energy and damping calculations for beam CC-0WC  
Cycle No. 
Max load u0 k Es0 ED 
ζ 
[kN] [mm] [kN/mm] [kN.mm] [kN.mm] 
1 9.32 1.19 7.84 5.54 5.96 0.17 
2 18.8 2.84 6.61 26.74 35.00 0.21 
3 28.3 4.00 7.07 56.67 42.18 0.12 
4 37.83 5.36 7.06 101.41 57.62 0.09 
5 47.68 6.70 7.12 159.64 97.20 0.10 
6* 56.59 8.03 7.10 228.87 180.17 0.13 
7 61.71 8.84 6.98 272.84 221.42 0.13 
8 66.58 10.07 6.61 335.38 356.68 0.17 
9 71.05 11.15 6.37 396.09 512.43 0.21 
10 75.7 12.10 6.26 457.9 614.87 0.21 
11 80.24 14.24 5.63 571.47 968.24 0.27 
*Cycle 6 was not considered in subsequent calculations since, it was supposed to load cycle 6 
with 60 kN after cycle 5. 
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Table 4.13 Hysteresis energy and damping calculations for beam CC-4WC  
Cycle No. 
Max load u0 k Es0 ED 
ζ 
[kN] [mm] [kN/mm] [kN.mm] [kN.mm] 
1 9.47 1.11 8.49 5.28 5.25 0.16 
2 19.24 2.83 6.81 27.18 40.36 0.24 
3 28.98 4.06 7.14 58.87 66.94 0.18 
4 38.73 5.45 7.10 105.60 94.95 0.14 
5 48.51 7.02 6.91 170.25 141.08 0.13 
6 58.50 8.87 6.60 259.36 235.92 0.14 
7 64.35 10.13 6.25 321.02 337.58 0.17 
8 69.23 11.68 5.84 398.31 524.18 0.21 
9 74.05 13.51 5.41 493.4 822.12 0.27 
10 77.86 14.77 5.27 575.06 1018.16 0.28 
Table 4.14 Hysteresis energy and damping calculations for beam CC-8WC 
Cycle No. 
Max load u0 k Es0 ED 
ζ 
[kN] [mm] [kN/mm] [kN.mm] [kN.mm] 
1 9.33 1.20 7.80 5.57 3.69 0.11 
2 18.85 3.51 5.37 33.08 41.52 0.20 
3 28.35 4.81 5.90 68.12 48.46 0.11 
4 38.66 6.09 6.19 114.63 77.09 0.11 
5 48.39 7.74 6.12 183.51 107.55 0.09 
6 55.86 9.92 5.73 282.11 270.37 0.15 
7 60.51 11.33 5.43 348.36 432.74 0.20 
8 65.20 12.29 5.38 406.90 540.97 0.21 
9 70.76 13.50 5.24 477.52 765.99 0.26 
10 75.49 15.33 4.92 578.73 1121.51 0.31 
Table 4.15 Hysteresis energy and damping calculations for beam CC-12WC 
Cycle No. 
Max load u0 k Es0 ED 
ζ 
[kN] [mm] [kN/mm] [kN.mm] [kN.mm] 
1 9.53 2.06 4.62 9.83 19.19 0.31 
2 19.37 4.93 3.93 47.75 47.89 0.16 
3 29.17 7.50 3.89 109.41 73.96 0.11 
4 39.13 9.75 4.01 190.77 138.03 0.12 
5 48.90 13.20 3.70 322.81 635.55 0.31 
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Table 4.16  Hysteresis energy and damping calculations for beam ARC-0WC 
Cycle No. 
Max load u0 k Es0 ED 
ζ 
[kN] [mm] [kN/mm] [kN.mm] [kN.mm] 
1 9.96 1.06 9.39 5.29 1.59 0.05 
2 19.71 2.45 8.05 24.13 33.71 0.22 
3 29.94 4.00 7.48 59.91 63.48 0.17 
4 39.99 5.78 6.91 115.64 89.28 0.12 
5 49.98 7.51 6.65 187.78 128.51 0.11 
6 59.97 9.53 6.29 285.83 308.1 0.17 
7 64.91 10.17 6.38 330.11 347.42 0.17 
8 69.84 13.19 5.29 460.71 851.96 0.29 
9 74.86 15.43 4.85 577.49 1223.31 0.34 
10 79.02 16.54 4.78 653.32 1532.9 0.37 
Table 4.17 Hysteresis energy and damping calculations for beam ARC-4WC 
Cycle No. 
Max load u0 k Es0 ED 
ζ 
[kN] [mm] [kN/mm] [kN.mm] [kN.mm] 
1 9.92 1.03 9.66 5.09 1.87 0.06 
2 19.92 2.33 8.56 23.17 32.13 0.22 
3 29.87 3.59 8.32 53.65 57.91 0.17 
4 39.85 5.11 7.80 101.78 83.23 0.13 
5 49.95 6.93 7.21 172.95 123.6 0.11 
6 59.87 9.87 6.07 295.45 353.83 0.19 
7 64.89 9.82 6.61 318.51 315.48 0.16 
8 69.71 13.27 5.25 462.46 848.32 0.29 
9 74.59 16.14 4.62 601.81 1463.1 0.39 
Table 4.18 Hysteresis energy and damping calculations for beam ARC-8WC 
Cycle No. 
Max load u0 k Es0 ED 
ζ 
[kN] [mm] [kN/mm] [kN.mm] [kN.mm] 
1 9.96 1.08 9.19 5.4 1.65 0.05 
2 19.92 2.18 9.16 21.67 23.56 0.17 
3 29.87 4.29 6.96 64.13 79.44 0.20 
4 39.86 5.48 7.27 109.21 98.66 0.14 
5 49.85 7.14 6.98 178.07 180.18 0.16 
6 59.90 11.12 5.39 332.91 530.44 0.25 
7 64.88 15.81 4.10 512.78 1206.37 0.37 
8 70.07 17.57 3.99 615.54 1517.82 0.39 
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Table 4.19 Hysteresis energy and damping calculations for beam ARC-12WC 
Cycle No. 
Max load u0 k Es0 ED 
ζ 
[kN] [mm] [kN/mm] [kN.mm] [kN.mm] 
1 9.86 1.18 8.34 5.83 5.82 0.16 
2 19.88 2.40 8.27 23.90 32.00 0.21 
3 29.83 4.00 7.45 59.68 71.01 0.19 
4 39.84 5.34 7.46 106.32 91.34 0.14 
5 49.87 7.31 6.82 182.34 147.90 0.13 
6 59.93 10.37 5.78 310.77 400.06 0.20 
7 64.86 13.07 4.96 423.89 750.00 0.28 
8 69.72 16.23 4.30 565.68 1320.05 0.37 
The secant stiffness for each cycle has been calculated for all beams and the results 
are presented in Table 4.12 to Table 4.19 and also shown in Figure 4.34 and Figure 
4.35. As expected for both types of concrete beams, the stiffness was degraded 
during the cyclic test, particularly in ARC beams this degradation is slightly faster. 
But the most important result in terms of acid resistance performance is that the CC-
0WC, CC-4WC and CC-8WC beams showed almost the same stiffness range during 
the test while the CC-12WC beam had much lower stiffness than other specimens 
and it failed after five cycles of loading. In contrast to CC beams, all ARC beams 
with different ages of exposure to acid had roughly the same amount of secant 
stiffness during the cyclic tests for each cycle. 
Furthermore, in order to have better understanding regarding the effect of acid attack 
on beams’ stiffness, the average of stiffness during cyclic tests for each beam has 
been calculated and the normalized average stiffness of each beam to the average 
stiffness of specimens not exposed to acid solution has also been estimated. The 
results are presented in Table 4.20and Figure 4.36 
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Figure 4.34 Peak-to-peak secant stiffness of each cycle for CC beams  
 
Figure 4.35 Peak-to-peak secant stiffness of each cycle for ARC beams  
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Table 4.20 Average stiffness in cyclic test for CC and ARC beams at different exposure age 
Beams designation K ave * (kN/mm) K iw / K0w ** 
CC-0W 6.79 1.00 
CC-4W 6.58 0.97 
CC-8W 5.81 0.86 
CC-12W 4.03 0.59 
ARC-0W 6.61 1.00 
ARC-4W 7.12 1.08 
ARC-8W 6.63 1.00 
ARC-12W 6.67 1.01 
* The average secant stiffness during cyclic test 
** Average stiffness at different ages of immersion over average stiffness of 
non-acid exposed sample  
   
Figure 4.36  Average stiffness degradation of CC and ARC beams during immersion in 7% 
sulphuric acid  
From the presented results it can be concluded that the average stiffness of ARC 
beams at different ages of exposure to acid did not change as, after 12 weeks of 
immersion, this amount is equal to initial average stiffness. In contrast to ARC 
beams, CC beams lost their initial average stiffness by exposure to acid solution 
particularly the specimen with 12 weeks of immersion which showed 41% reduction 
in average stiffness compared to average stiffness of non-acid exposed specimen. 
The dissipated energy during the cyclic tests for all beams are calculated and 
illustrated in Figure 4.37 and Figure 4.38. The amount of dissipated energy before 
growing the cracks during the elastic-plastic phase is negligible. However, the energy 
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dissipation capacity significantly increased after yielding the reinforcing bars which 
occurred almost after sixth cycle. Moreover, it is quite clear that ARC beams at 
different ages of submersion in acid, had higher energy dissipation capacity than the 
CC beams. Existing fibres in ARC could contribute in this behaviour.   
 
Figure 4.37  Energy dissipated in each cycle for CC beams  
 
Figure 4.38 Energy dissipated in each cycle for ARC beams  
At the end of this section, the damping ratios for all cycles for CC and ARC beams 
are calculated and displayed in Figure 4.39 and Figure 4.40. The results indicate that 
damping ratios of reinforced ARC beams are almost that the same as those of CC 
beams till the sixth cycle. However, this amount increased for both types of concretes 
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after this cycle. The rate of increase is higher in ARC beams compared to CC beams 
and in general ARC beams show higher amount of damping ratios in comparison 
with CC beams. Likewise, it is worth noting that in most cases the damping ratios of 
the first cycles (around first cracking point) and the last cycle (around failure point) 
are undoubtedly higher than that of other cycles. 
 
Figure 4.39 Damping ratio at each cycle for CC beams  
 
Figure 4.40 Damping ratio at each cycle for ARC beams  
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4.3. Structural Performance of Novel Concrete in Beam- 
Column Joints 
According to the experimental results from flexural strength (MOR) tests (refer to 
Section 3.3.1.4) this novel concrete (ARC) showed higher post-peak performance in 
terms of ductility and residual strength compared to conventional concrete. This 
significant behaviour can be attributed to use of different types of fibres in the 
cementitious materials of this new material. Therefore, as part of this research 
another engineering application of this material namely, applications in beam-
column joints have been investigated experimentally to provide a benchmark for 
further studies in future.  
Beam-column joints are critical regions in RC structures which require proper design 
approach to lead to ductile behaviour instead of a brittle one and increase resilience 
of structures particularly during earthquakes. For this purpose, the amount of steel 
reinforcement in this region has usually high density, particularly the number of 
stirrups as transverse reinforcement are increased to provide the desire ductility 
required by different design codes. However, the use of large amounts of 
reinforcement is associated with difficulties regarding concrete pouring and 
vibration. The lack of full concrete penetration into the joint region causes porosity 
and formation of voids and honey comb in concrete at this critical region. To address 
this problem extensive studies have been conducted to evaluate and improve 
structural performance of beam-column connections (Abdel-Fattah & Wight 1987; 
Antonopoulos & Triantafillou 2002; Attari, Amziane & Chemrouk 2010; Dalalbashi, 
Eslami & Ronagh 2013; Ghobarah & El-Amoury 2005; Le-Trung et al. 2010). 
In some previous research, the effect of high performance concrete as replacement 
for conventional concrete in this region has been investigated. Although, by means of 
high performance concrete the size of section and the amount of reinforcement 
reduced in comparison with the conventional concrete, the failure becomes brittle. 
One of the reasons for this behaviour can be attributed to brittle failure of high 
performance concretes (French & Kreger 1998; Institute 1999; Malhotra, V.M. 
1999). Furthermore, in some studies different types of fibres have been added to 
concrete especially steel fibre to improve structural performance of this region and 
reduce the amount of required steel bar reinforcement (Bayasi & Gebman 2002; 
Röhm et al. 2012; Shannag, Abu-Dyya & Abu-Farsakh 2005). The results of some of 
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these studies have been promising; however, still there are some uncertainties in 
distribution of fibres in joint sections, particularly in deep sections.    
 Since, this new concrete has different type of fibres in its cementitious material, not 
only casting  the concrete is easier but also there will be more homogeneous and 
uniform fibre distribution in this novel concrete. Therefore, an additional application 
of this concrete has been investigated by conducting experimental tests on beam-
column joint specimens cast using this concrete. In the following sections the 
specimen’s details, material characteristics, test procedure and test set up as well as 
test results will be discussed.  
 Preparation of Specimens (Fabrication and Geometrical Details) 
The experimental program includes fabrication and testing three scaled exterior 
joints of a typical ordinary moment resisting frame in an RC building. The specimen 
sizes have been scaled down to 2/5 of the prototype sizes (because of limitation of 
laboratory facilities) All scaled models have identical geometrical dimensions (See 
Figure 4.41). The beam column joints are demonstrative of the exterior joints up to 
the point of contra flexure; i.e. from above storey mid column to the bellow storey 
mid column and this also applies to the beam as well. The reinforcement of 
specimens which is illustrated in Figure 4.41 is designed and detailed according to 
the seismic design requirements for medium ductility conditions. The longitudinal 
bars for the beam and columns are six Φ12 mm diameter ribbed bars while the 10 
mm diameter plain bar was used for transverse reinforcement. For two out of three 
specimens (one cast using conventional concrete as reference and the other one cast 
using ARC materials) the spacing of the stirrups was selected as 70 mm along the 
beam and column while for the last specimen cast using ARC material this distance 
was increased by a factor of 2 and the transverse reinforcements were placed at a 
distance of 140 mm. This arrangement is considered in order to evaluate this new 
material as partial replacement for conventional reinforcement at beam- column 
connections.  
The summary of specimens details are presented in Table 4.21. Similar to the beam 
specimens, after fabrication of reinforcing cages, they were placed in prepared ply-
wood moulds (Figure 4.42) and bar chairs and spacers were used to provide enough 
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concrete cover. As mentioned, two of the specimens were cast using ARC materials 
and the last one cast using conventional concrete. After casting, the specimens were 
wet-cured in moulds for 7 days and then they were demoulded and air cured until 56 
days. 
 
 
Figure 4.41  Specimens details and reinforcement for beam-column joints used in the 
experiments 
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Table 4.21. Details of CC and ARC joints 
No 
Specimen 
designation 
Type of 
concrete 
Concrete 
compressive 
strength  
(MPa) 
Width 
of 
section 
(mm) 
Height 
of 
section 
(mm) 
Longitudinal 
reinforcement 
Transverse 
reinforcement 
1 CC-70 mm CC* 50 180 180 
3Φ12 mm-
top & bottom 
Φ10 @ 70mm 
2 ARC-70 mm ARC** 45 180 180 
3Φ12 mm-
top & bottom 
Φ10 @ 70mm 
3 ARC-140 mm ARC 45 180 180 
3Φ12 mm-
top & bottom 
Φ10 @ 140mm 
* Conventional concrete  
** Acid resistant concrete 
 
 (a) 
 
(b) 
Figure 4.42 Specimens preparation for beam-column joints, (a) reinforcing cages and (b) casting 
the concrete 
 Material Properties 
All tested materials in this section including conventional concrete (CC), acid 
resistant concrete (ARC) and reinforcing bars are the same as RC beam specimens 
(mentioned in Section 4.2.1) and the only difference was reinforcing bar diameters as 
shown in Figure 4.41. 
joint after casting 
Steel Strain gauges 
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 Test Methodology and Instrumentation 
After a minimum of 56 days of curing (7 days of wet curing and then air curing), the 
specimens were tested under cyclic loads. The ultimate load, ductility factor, 
stiffness degradation, energy dissipation and damping ratio of the joints are 
measured, calculated and compared to reference ones (conventional concrete) to 
examine the behaviour of new concrete in beam-column joint connections as a new 
application. 
4.3.3.1. Test set up 
The specimens were tested in a 2D testing rig as shown in Figure 4.43 and Figure 
4.44. This test frame was equipped with a hydraulic actuator of 100 kN capacity 
which is capable of applying cyclic loads in displacement and load control regimes, 
and a hydraulic jack with a maximum capacity of 500 kN. The top and bottom 
supports of the column were hinged using pins. A load controlled cyclic regime was 
applied at the cantilever tip of the beam by means of hydraulic actuator. The load 
increased with the increments of 0.25kN/s in all cycles.  
The load pattern for the beam’s tip is illustrated in Figure 4.45. Before starting the 
cyclic load a constant 120 kN load was applied and held on top of the column using 
another hydraulic jack until the failure of the specimens for stability purposes and for 
simulating the axial load in the column.  In the cyclic load regime, the load increases 
to a set load and then unloaded to zero and then, loaded with the same rate in the 
opposite direction of the former loading to reach the set loading and again is 
unloaded. This process continues for the next cycles with increase of the load in each 
cycle till the specimens are not able to undergo another cycle of loading at which the 
test procedure is switched to displacement control and the displacement increased at 
the tip of the beam until complete failure occurs at the joint region.  
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Figure 4.43 Schematic test set-up for beam-column joints 
 
Figure 4.44 Actual test set-up for beam-column joints 
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Figure 4.45 Load pattern in cyclic test of beam-column joints 
4.3.3.2. Instrumentation 
To measure vertical displacement of beam tip where the cyclic load is applied, a 
linear variable displacement transformer (LVDT) is used. In addition, another LVDT 
is utilized to monitor displacement of the beam at mid-span. Fourteen, 5 mm steel 
strain gauges were mounted on longitudinal steel reinforcing bars in column and 
beams to determine the yielding of the bars under the cyclic loading. Furthermore, 
strain in the extreme fibres of concrete was measured by attaching ten 60 mm 
concrete strain gauges. The location of LVDTs, steel strain gauges and concrete 
strain gauges are shown in Figure 4.46 and Figure 4.47.  
Load and deflections in addition to strains in concrete and reinforcement were 
recorded using a computerized data acquisition system during the test. During the 
test in each cycle, crack pattern was also monitored visually and sketched on the 
specimens. 
Structural Performance   S. Salek 
 
- 171 - 
 
 
Figure 4.46 Instrumentation location on beam-column joints - Strain gauges on reinforcement 
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Figure 4.47 Instrumentation location on beam-column joints - Concrete strain gauges and 
LVDTs locations 
 Test Results 
To evaluate behaviour of beam-column joints fabricated with this new material 
(ARC), failure modes, crack patterns, ultimate load capacity, displacement ductility 
factor, energy dissipation capacity and damping ratio, in the subassemblies were 
determined and calculated according to the data obtained from the experiments. 
Furthermore, local response including the strain in steel reinforcing bars and strain in 
concrete, were measured during the tests, are compared and discussed.  
4.3.4.1.  Failure mode and crack pattern 
The crack patterns in each subassembly specimen was monitored and marked closely 
during the test at each cycle. The crack patterns of samples are presented in Figure 
4.48 at different steps of the loading to compare the crack propagation and behaviour 
of the joint element.  
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It is observed that the cracks appear in the beams at the load of around 10 kN for all 
specimens. For the specimens ARC-140 mm and CC-70 mm the cracks are closer to 
the column. By increasing the load up to 20 kN, more cracks were formed alongside 
the beams and the former cracks also grew as the cracks at the beam section adjacent 
to the column reach the joints in specimen ARC-140 mm and specimen CC-70 mm.  
At load of 30 kN, more cracks formed in the joint area particularly in ARC-140 mm 
and CC-70 mm samples, while in ARC-70 mm model the crack in joint area just 
appeared at this load.  At the load level of 35 kN, not only former cracks grew in 
beams and joints but also the cracks moved to the column region in addition to new 
cracks propagating in columns in ARC-140 mm and CC-70 mm sample. Meanwhile, 
orthogonal cracks extended in the joint area of ARC-70 mm samples. At the latest 
cycle, specimen CC-70 mm was not capable of completing the cycle and the crack 
widening happened between beam and column rapidly and also the cracks in joint 
grew dramatically toward the columns and the sample failed by yielding and then, 
the reinforcing bar in joint section ruptured.  
It is notable that many cracks were observable in joint and column for this specimen. 
The specimens ARC- 70 mm and ARC 140 mm were capable of completing the last 
cycle at 40 kN fully but they could not go further to the next cycle. In both samples, 
the cracks widened in section between beam and column and the cracks in joint grew 
intensely, particularly, the ones in the column. These two specimens also failed by 
yielding of the reinforcing bars in joint section followed by their rupture. 
It is concluded that the stirrups spacing can be doubled if ARC is used. Beam-
column joint behaviour mainly depends on the tensile resistance around that region 
and the reinforcement detailing. The presence of steel fibres in ARC may be the 
reason for that behaviour. This needs more research. This means that by use of ARC 
material, instead of the conventional concrete, in such beam-column joints, the 
number of transverse bars could decrease by 50% due to the stirrups spacing being 
twice the conventional concrete.  This offers clear economical and practical 
advantages in terms of ease of construction when building such joints.  
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 CC-70 mm ARC-70 mm ARC- 140 mm 
10 kN 
 
  
20 kN 
   
30 kN 
   
35 kN 
   
40 kN 
   
Failure 
 
  
Figure 4.48 Crack pattern in joint specimens during cyclic tests 
Moreover, the specimen ARC-70 mm has better behaviour in terms of crack 
formation in joint as the crack appeared at higher load levels in this area. In addition, 
cracks at lower load levels for this specimen propagated alongside of the beam away 
from the column.  
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More experimental work is required to evaluate behaviour of this novel material in 
beam-column joints, however, it can be stated from this experimental work that the 
ARC concrete’s behaviour is superior to the conventional concrete when subjected to 
cyclic loads. 
4.3.4.2. Ultimate load capacity and ductility factor 
For all beam-column subassemblies, load versus beam tip displacement curves are 
shown in Figure 4.49 to Figure 4.51 for comparison.  ARC specimens showed stiffer 
behaviour under cyclic test as they have closer hysteresis loops in comparison with 
CC specimens. In terms of peak load, specimen ARC-70 mm reached 46.5 kN at the 
end of 40 kN load cycle while the specimen CC-70 mm could not complete this loop 
and the ultimate load in this sample was 39.9 kN.  
Furthermore, the maximum load capacity of sample ARC-140 mm was 40.1 kN, 
although the spacing of transvers reinforcing bars  were twice as much compared to 
control specimen (CC-70 mm). According to the test results, the load capacity of 
beam-column joint increased by 16 % when using ARC materials instead of 
conventional concrete in the same samples in terms of reinforcement arrangement. In 
addition, the peak load was not affected by increasing stirrups spacing twice when 
the ARC material was used. It should be mentioned that in order to generalise the 
conclusions, more studies are required. 
 
Figure 4.49 Load versus beam’s tip displacement in cyclic test of beam-column joints 
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Figure 4.50 Load versus beam’s tip displacement in cyclic test of beam-column joints 
 
Figure 4.51 Load versus beam’s tip displacement in cyclic test of beam-column joints 
To assess the behaviour of these subassemblies more accurately, ductility factors are 
determined using the same assumption as for the beams according to Park’s method. 
Displacement ductility factor for specimens was calculated by means of equation 
(4-1) and according to envelop diagram of load versus displacement in cyclic tests. 
The calculated ductility factors are displayed in Figure 4.52 to Figure 4.54 for 
specimens CC-70 mm, ARC-70 mm and ARC-140 mm, respectively. For specimen 
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CC-70 mm ductility factor was calculated, using the positive area of hysteresis loop 
at the peak load of +40 kN.  
 
 
 
 
 
 
 
Figure 4.52 Equivalent yield displacement and ultimate displacement of CC-70 mm 
 
 
 
 
 
Figure 4.53 Equivalent yield displacement and ultimate displacement of ARC-70 mm 
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Figure 4.54 Equivalent yield displacement and ultimate displacement of ARC-140 mm 
4.3.4.3. Energy dissipation, stiffness degradation and damping ratio 
A similar calculation approach to the beam cyclic tests has been carried out for the 
beam-column joint specimens to estimate stiffness degradation, energy dissipation 
and damping ratio. The summary of calculations is given in Table 4.22 to Table 4.24. 
At first and second cycles (i.e. 5 kN and 10 kN), the average of two cycles is 
considered. Furthermore, the hysteresis graphs of specimens are illustrated in Figure 
4.55 to Figure 4.57 showing more details for each cycle. 
 
Figure 4.55 Hysteresis of CC-70 mm 
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 Figure 4.56 Hysteresis curve of ARC-70 mm in beam-column joints 
 
 Figure 4.57 Hysteresis curve of ARC-140 mm in beam-column joints 
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Table 4.22. Summary of hysteresis parameter calculation for specimen CC-70 mm in beam-
column joints 
Cycle No. 
Max load 
u0 k Es0 ED ζ  
[kN] [mm] [kN/mm] [kN.mm] [kN.mm] 
1 5.04 0.45 11.30 1.12 0.63 0.10 
2 10.08 1.61 6.27 8.02 7.64 0.16 
3 15.07 3.10 4.83 23.28 23.49 0.16 
4 20.07 4.73 4.23 47.32 37.66 0.13 
5 25.06 6.72 3.72 84.00 74.18 0.14 
6 30.05 10.18 2.95 152.73 164.99 0.17 
7 35.07 15.67 2.24 274.59 312.37 0.18 
Table 4.23. Summary of hysteresis parameter calculation for specimen ARC-70 mm in beam-
column joints 
Cycle No.  
Max load 
u0 k Es0 ED ζ 
[kN] [mm] [kN/mm] [kN.mm] [kN.mm] 
1 5.08 0.67 7.50 1.69 1.21 0.11 
2 10.11 1.64 6.13 8.21 6.33 0.12 
3 15.10 2.88 5.21 21.67 18.84 0.14 
4 20.09 4.29 4.67 42.91 31.93 0.12 
5 25.09 5.89 4.24 73.71 48.92 0.11 
6 30.10 7.82 3.84 117.43 78.20 0.11 
7 35.10 9.32 3.76 163.29 111.47 0.11 
8 40.09 13.10 3.06 262.29 196.12 0.12 
Table 4.24. Summary of hysteresis parameter calculation for specimen ARC-140 mm in beam-
column joints 
Cycle No. 
Max load 
u0 k Es0 ED ζ 
[kN] [mm] [kN/mm] [kN.mm] [kN.mm] 
1 5.08 0.79 6.66 1.99 1.17 0.09 
2 10.11 2.01 5.00 10.06 8.38 0.13 
3 15.10 3.14 4.77 23.58 18.28 0.12 
4 20.12 4.73 4.23 47.39 33.91 0.11 
5 25.11 6.65 3.76 83.25 56.69 0.11 
6 30.08 8.95 3.36 134.36 88.56 0.10 
7 35.10 12.41 2.83 217.38 161.68 0.12 
8 40.06 18.28 2.19 365.24 329.66 0.14 
 
According to the results presented in Table 4.22 to Table 4.24 and Figure 4.58, the 
secant stiffness of specimens reduced by increasing the load during the cyclic tests. It 
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is notable that, this trend is higher and faster in specimen CC-70 mm in comparison 
with ARC-70 mm and ARC-140 mm samples. For instance, the stiffness magnitude 
of CC-70 mm sample dropped to less than half of its initial stiffness after the second 
cycle while this reduction occurred for specimen ARC-70 mm and ARC-140 mm 
after the seventh and sixth cycle, respectively. This behaviour can be attributed the 
role of existing fibres in ARC material that prevent widening of the cracks which 
could cause dramatic stiffness degradation in samples after concrete cracking. 
 
 Figure 4.58 Normalized stiffness degradation of joint specimens 
In addition to stiffness degradation, the amount of energy dissipation for each cycle 
is also presented in Table 4.22 and Table 4.23. Also the cumulative dissipated energy 
for these three specimens is shown in Figure 4.59. It is obvious that this amount is 
very small during the initial cycles, however, it increases significantly by opening of 
the cracks and yielding of the reinforcing bars after the fifth cycle. Since, the ARC-
70 mm specimen showed stiffer behaviour and closer hysteresis loops, it has less 
cumulative dissipated energy compared to CC-70 mm and ARC-140 mm.  
By comparison of specimen CC-70 mm and ARC-140 mm specimens, it is 
concluded that, not only much lower stiffness degradation is observed for this new 
material (ARC) but also, the cumulative energy dissipation increases notably in the 
last cycle for this material. 
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Figure 4.59 Cumulative energy dissipation of joint specimens 
Additionally, the damping ratios of CC and ARC beam- column joint specimens in 
each cycle were calculated and are shown in Figure 4.60. The results point out that 
the specimen CC-70 mm showed higher damping ratios compared to ARC samples, 
however, ARC specimens presented a more uniform trend during the cyclic tests.  
Moreover, damping ratios of the initial cycles (around the first cracking point) and 
the last cycle (around failure point) are higher than the amount of other cycles’ 
damping ratios.  
  
 Figure 4.60 Damping ratio of joint specimens 
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4.3.4.4. Local responses including strain in reinforcing bars and concrete 
Fourteen steel strain gauges and ten concrete strain gauges were attached to different 
parts of subassemblies (top and bottom of beam, joint area and column) to monitor 
the behaviour of subassembly structure more precisely. The amount of strain in steel 
bars and concrete in column (i.e. steel strain gauges No 1, 3, 4, 5, 7 and 8 and 
concrete strain gauges No 1, 4, 5 and 6) (see Figure 4.46 and Figure 4.47) were 
insignificant and they were much smaller than the yielding strain and ultimate 
compressive strain in reinforcing steel bars and concrete, respectively. Therefore, in 
this section, the load-strain relationship in selected reinforcing bars and concrete in 
beam and joint for subassemblies are plotted in Figure 4.61 and Figure 4.62.  
By assuming that the yielding strain in reinforcement is 3000 micro-strain according 
to strain-stress curve (εy=3000 micro- strain), the result (see Figure 4.61) showed that 
the steel bar yielded in CC-70 mm sample at load level lower than the load level in 
ARC samples.  
At the load level around 30 kN, the steel bar yielded not only in section of beam 
adjacent to column (Figure 4.61a) but also it yielded in section with distance of 70 
mm from the column face in beam (Figure 4.61b),  while in ARC- 70 mm the steel 
bar yielded after almost 35 kN in section adjacent to the column (Figure 4.61a) and 
in section with distance of 70 mm from the column, the steel bar did not yield even at 
higher level of the load (Figure 4.61b). Therefore, it can be concluded that the length 
of plastic hinge in CC -70 mm specimen is definitely more than the ones in ARC 
samples. This behaviour can be possibly attributed to the bridging performance of 
fibres in ARC materials that can absorb part of the strain.  
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(a) 
 
(b) 
Figure 4.61 Strain in beam reinforcement, (a) strain gauge No.11 adjacent to the joint and (b) 
strain gauge No.10 at a distance of one stirrup to the joint 
In longitudinal reinforcement in column at the junction with beam, the strain in the 
bars in CC-70 mm sample yielded at lower load levels in comparison with other 
specimens (see Figure 4.62a) which indicates the same conclusion. Moreover, the 
strain in outer face of the reinforcing bars in column (joint area) (see Figure 4.62b) is 
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much below the yield strain and there is no sign of defect in this area which is similar 
to the results for other strain gauges in columns. 
 
(a) 
 
(b) 
Figure 4.62 Strain in joint reinforcement, (a) strain gauge No.6 at beam face and (b) strain 
gauge No.2 at column face 
According to concrete strain results underneath the beam surface (Figure 4.63a), 
which is in compression when the load is pushing down, it is clear that the maximum 
compressive strain in specimens did not reach 3000 micro strain, which is generally 
taken as the maximum concrete strain in design codes. Therefore, there is no 
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concrete crush in the section. This outcome is also confirmed by visual inspection as 
there was no sign of concrete crushing in beam or column surface.  From Figure 
4.63b, it is also observed that concrete strain in joint along diagonal surface for these 
specimens, which were in tension, had similar trend for all specimens and again the 
strain in CC specimen was higher than ARC samples at the same load.  
 
(a) 
 
(b) 
Figure 4.63 Strain in concrete, (a) strain gauge No.3 bottom surface of the beam and (b) strain 
gauge No.10 diagonal strain in joint area 
4.4. Concluding Remarks  
As part of the current study, structural performance of a novel concrete (ARC) was 
assessed in two main parts in this chapter.  
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In the first part, its flexural behaviour was evaluated through testing 16 RC beams 
under static and cyclic loads before and after exposure to acid solution. The results 
were compared to the results of conventional concrete specimens in the same 
condition.  
From the first and main part of structural performance investigations of ARC and CC 
beams it is concluded: 
 This novel material behaves very similar to conventional concrete and it can be 
used instead of normal concrete provided that it is economically justified.  
 The reinforced conventional concrete (CC) can resist acidic environment for 
short- time exposure. If the reinforced concrete member is exposed to acidic 
environment for a long time such as, buried foundations in acidic soils, the 
concrete cover will vanish entirely followed by rapid corrosion of the steel 
reinforcing bars. As a result, the strength, durability and resistance of structural 
member will be reduced significantly which can lead to unreversed and inevitable 
damage to the structure.  
 Using this acid resistant concrete can be a constructive solution to address the 
problems associated with degradation of RC concrete members in acidic soils or 
other acidic environments.  Furthermore, this novel material showed high 
performance during cyclic tests after exposure to acid solution which can be 
another reason for its use in acidic environments. Therefore, instead of increasing 
concrete cover or avoiding construction in acidic soil by using this novel concrete 
this problem can be solved more rationally and effectively.  
In the second part of this chapter, given the promising results from the flexural 
(MOR) test and existence of different types of fibres in this new concrete, another 
application of this novel concrete in beam-column joints was studied experimentally 
to provide a bench mark for further studies in future.                                             
From the second part of this study (joint elements) it can be concluded that: 
 Replacement of conventional concrete with this concrete in beam-column joint 
elements indicated interesting results of the hysteresis tests as, the ultimate 
capacity of joints constructed with ARC material was higher than the same 
sample cast by conventional concrete.  
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 More importantly, the amount of transvers reinforcing bars can be reduced (by at 
least 50%) by utilising this material while maintaining similar load capacity to 
conventional concrete sample.  
In general, this new material (ARC) can be treated the same as conventional concrete 
and it is a suitable replacement for concrete in acidic environments. Furthermore, this 
material shows interesting behaviours in beam-column joints by allowing the 
increase in stirrups spacing. However, for the application of ARC material in joint 
elements more studies are required before coming to firm conclusions. 
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Chapter 5 
Numerical Modelling and 
Analysis 
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 Numerical Modelling and Analysis 
5.1. Introduction 
The finite element method (FEM) is a numerical technique to find approximate 
solutions to engineering problems. The finite element analysis of structures usually 
follows three main steps. Firstly, the constitutive model of the material should be 
specified, that includes stress-strain behaviour and the associated failure criteria for 
the materials. Secondly, the finite element discretisation of the structure is carried 
out, in which the structure is divided into a finite number of elements, connected 
only at their nodes. Lastly, the simultaneous set of equations representing the model 
is assembled and solved. 
Finite element method (FEM) is used in this chapter to model and predict the 
behaviour of reinforced concrete beams and beam-column joint specimens 
numerically. The analytical results are compared to those of experimental ones to 
evaluate the accuracy of built models in finite element for estimation of structural 
performance of beams and beam-column joint elements.  Once the FE models are 
validated against experimental results they can be used to predict the behaviour of 
other geometries of beams and beam-column joints without further experiments.  
For this purpose, continuum-based finite element samples are modelled using 
ATENA software (Cervenka et al., 2002). This software has been particularly 
developed for nonlinear analysis of structural concrete members and is identified to 
have more options for 2D and 3D constitutive modelling of concrete. The FE models 
developed by ATENA can capture nonlinearities of materials (i.e. concrete, 
reinforcing steel bars), as well as geometrical nonlinearities (large displacements).  
In this study, the 2D continuum-based FE model is used to simulate the RC elements. 
The concrete is modelled using SBETA constitutive law which is a hypo elastic 
material model recast in the framework of total secant damage formulation and 
equivalent uniaxial strain concept (Cervenka et al., 2002). This constitutive model, 
SBETA, will be described further in details as follows. 
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5.2. Constitutive Model SBETA1  
 Basic Assumptions 
The formulation of constitutive relations is considered in the plane stress state. A 
smeared approach is used to model the material properties, such as cracks or 
distributed reinforcement. It means material properties defined for a material point 
are valid within a certain material volume which in this case, is associated with the 
entire finite element. The constitutive model is based on the stiffness and is described 
by the equation of equilibrium at a material point: 
s = De,s = {σx, σy,τxy}
T
, e = {εx, εy,γxy}
T
 ( 5-1) 
where s is the stress vector, D is the material stiffness matrix and e is a strain vector. 
The stress and strain vectors are composed of the stress components of the plane 
stress state σx, σy, τxy (Figure 5.1) and the strain components εx, εy, γxy (Figure 5.2), 
where γxy is the engineering shear strain. The strains are common for all materials. 
The stress vector (s) and the material matrix (D) can be decomposed into the material 
components due to concrete and reinforcement as: 
s = sc+ ss , D = Dc+ Ds (5-2) 
The stress vector s and both component stress vectors sc, ss are related to the total 
cross sectional area. The concrete stress sc is acting on the material area of concrete 
Ac, which is approximately set equal to the cross section of the composite material, 
Ac A (the area of concrete occupied by reinforcement is not subtracted). The matrix 
D has a form of the Hooke's law for either isotropic or orthotropic material, as will be 
shown later. 
 
Figure 5.1 Components of plane stress state (Červenka, Libor Jendele & Červenka 2012) 
                                                 
1 The contents of this section is derived from the ATENA handbook guide (Červenka, Libor Jendele 
& Červenka 2012) 
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Figure 5.2 Components of plane strain state (Červenka, Libor Jendele & Červenka 2012) 
The reinforcement stress vector ss is the sum of stresses of all the smeared 
reinforcement components: 
ss= ∑ ssi
n
i=1
 (5-3) 
where n is the number of the smeared reinforcement components. For the ith 
reinforcement, the global component reinforcement stress ssi is related to the local 
reinforcement stress σsi by the transformation: 
ssi = Tσpiσsi (5-4) 
where pi is the reinforcement ratio 
c
si
i
A
A
p  , Asi is the reinforcement cross sectional 
area. The local reinforcement stress σsi is acting on the reinforcement area Asi. The 
stress and strain vectors are transformed according to  Equations (5-5) and (5-8) in 
the plane stress state. New axes u, v are rotated from the global x, y axes by the angle 
α. The angle α is positive in the counter clockwise direction, as shown in Figure 5.3. 
 
Figure 5.3 Rotation of reference coordinate axes (Červenka, Libor Jendele & Červenka 2012) 
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The transformation of the stresses is governed by, 
s(u) = Tσs(x) (5-5) 
 
(5-6) 
s(u) = {σu, σv,τuv}
T,s(x)= {σx, σy,γxy}
T
 (5-7) 
The transformation of the strains is governed by, 
e(u) = Tεe(x) (5-8) 
 
(5-9) 
e(u)={εu, εv,τuv}
T,s(x)= {εx, εy,γxy}
T
 (5-10) 
The angles of principal axes of the stresses and strains, Figure 5.1 and Figure 5.2, are 
found from the equations: 
tan(2ϑσ) =
2τxy
σx-σy
 , tan(2ϑε) =
γ
xy
εx-εy
  (5-11) 
where ϑσ is the angle of the first principal stress axis and ϑε is the angle of the first 
principal strain axis. 
In case of an isotropic material (un-cracked concrete) the principal directions of the 
stress and strains are identical; in case of an anisotropic material (cracked concrete) 
they can be different. The sign convention for the normal stresses, employed within 
this program, uses the positive values for the tensile stress (strain) and negative 
values for the compressive stress (strain). The shear stress (strain) is positive if acting 
upwards on the right face of a unit element.  
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The material model SBETA includes the following effects of concrete behaviour: 
 Non-linear behaviour in compression including hardening and softening, 
 Fracture of concrete in tension based on the nonlinear fracture mechanics, 
 Biaxial strength failure criterion, 
 Reduction of compressive strength after cracking, 
 Tension stiffening effect, 
Reduction of the shear stiffness after cracking (variable shear retention), 
 Two crack models: fixed crack direction and rotated crack direction. 
Perfect bond between concrete and reinforcement is assumed within the smeared 
concept. No bond slip can be directly modelled except for the one included 
inherently in the tension stiffening. However, on a macro-level, a relative slip 
displacement of reinforcement with respect to concrete over a certain distance can 
arise, if concrete is cracked or crushed. This corresponds to a real mechanism of 
bond failure in case of the bars with ribs. The reinforcement in both forms, smeared 
and discrete, is in the uniaxial stress state and its constitutive law is a multi-linear 
stress-strain relationship. 
The material matrix is derived using a nonlinear elastic approach. In this approach 
the elastic constants are derived from a stress-strain function referred to as the 
“equivalent uniaxial law”. This approach is similar to the nonlinear hypoelastic 
constitutive model, except that different laws are used here for loading and 
unloading, causing the dissipation of energy exhausted for the damage of material. 
The detailed treatment of the theoretical background of this subject can be found, for 
example, in the book by Chen (1982). This approach can also be regarded as an 
isotropic damage model, with the unloading modulus representing the damage 
modulus. 
 Stress-Strain Relations for Concrete 
The nonlinear behaviour of concrete in the biaxial stress state is described by means 
of the so-called effective stress
ef
c , and the equivalent uniaxial strain
eq . The 
effective stress is in most cases a principal stress.  
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The equivalent uniaxial strain is introduced in order to eliminate the Poisson’s effect 
in the plane stress state. 
εeq =
σci
Eci
 (5-12) 
The equivalent uniaxial strain can be considered as the strain, that would be 
produced by the stress σci in a uniaxial test with modulus Eci associated with direction 
i. Within this assumption, the nonlinearity representing damage is caused only by the 
governing stress σci. The details can be found in Chen (1982). The complete 
equivalent uniaxial stress-strain diagram for concrete is shown in Figure 5.4. 
 
Figure 5.4 Concrete uniaxial stress-strain diagram (Červenka, Libor Jendele & Červenka 2012) 
The numbers on the diagram in Figure 5.4 (material state numbers) are used in the 
results of the analysis to indicate the state of damage of concrete.  
Unloading is a linear function to the origin. An example of the unloading point U is 
shown in Figure 5.4. Thus, the relation between stress 
ef
c and strain 
eq is not 
unique and depends on a load history. A change from loading to unloading occurs 
when the increment of the effective strain changes sign. If subsequent reloading 
occurs, the linear unloading path is followed until the last loading point U is reached 
again. Then, the loading function is resumed. The peak values of stress in 
compression 
ef
cf  and in tension 
ef
tf  are calculated according to the biaxial stress 
Numerical Modelling and Analysis   S. Salek 
 
- 196 - 
state as will be shown later. Thus, the equivalent uniaxial stress-strain law reflects 
the biaxial stress state.  
The above defined stress-strain relation is used to calculate the elastic modulus for 
the material stiffness matrices. The secant modulus is calculated as 
Ec
s  = 
σc
εeq
 (5-13) 
It is used in the constitutive equation to calculate stresses for the given strain state. 
The tangent modulus 
t
cE is used in the material matrix Dc for construction of an 
element stiffness matrix for the iterative solution. The tangent modulus is the slope 
of the stress-strain curve at a given strain which is always positive. In cases when the 
slope of the curve is less than the minimum value
tEmin , the value of the tangent 
modulus is set at
tt
c EE min . This occurs in the softening ranges and near the 
compressive peak. Detailed description of the stress-strain law is given in the 
following subsections. 
5.2.2.1. Tension before cracking 
The behaviour of concrete in tension without cracks is assumed linear elastic. Ec is 
the initial elastic modulus of concrete, 
ef
tf  is the effective tensile strength derived 
from the biaxial failure function. 
σc
ef
=Ecε
eq,  0≤σc≤ft
'ef
 (5-14) 
5.2.2.2. Tension after cracking  
Two types of formulations are used to model crack opening: 
1.  A fictitious crack model based on a crack-opening law and fracture energy. This 
formulation is suitable for modelling of crack propagation in concrete. It is used in 
combination with the crack band.  
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2.  A stress-strain relation at a material point. This formulation is not suitable for 
normal cases of crack propagation in concrete and should be used only in some 
special cases.  
In the following, five softening models included in SBETA material model are 
described. 
Exponential crack opening law 
This function of crack opening was derived experimentally by Hordijk (1991). 
σ
f'
t
ef 
= {1+ (c1
w
wc
)
3
} exp (-c2
w
wc
) -
w
wc
(1+c1
3)exp(-c2) (5-15) 
where w is the crack opening, 
ef
t
f
c
f
G
w
'
14.5 is the crack opening at the complete 
release of stress, σ is the normal stress in the crack (crack cohesion). Values of the 
constants are, c1 = 3, c2 = 6.93. Gf is the fracture energy needed to create a unit area of 
stress-free crack, 
ef
tf  is the effective tensile strength derived from a failure 
function. The crack opening displacement w is derived from strains according 
to the crack band theory. 
Linear crack opening law: 
σc
ef
f'
t
ef
 =
f'
t
wc
(wc-w),  wc=
2Gf
f'
t
 (5-16) 
Linear softening based on local strain 
The descending branch of the stress-strain diagram is defined by the strain c3 (Figure 
5.5) corresponding to zero stress (complete release of stress). 
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Figure 5.5 Linear softening model based on strain (Červenka, Libor Jendele & Červenka 2012) 
 
SFRC based on fracture energy (Refer to Figure 5.6) 
Parameters: 
c1=
f
1
f'
t
ef
,  c2=
f
2
f'
t
ef
,  wc=
2Gf
f
1
+f
2
 (5-17) 
 
 
Figure 5.6 Steel fibre reinforced concrete model based on fracture energy (Červenka, Libor 
Jendele & Červenka 2012) 
SFRC based on strain 
Parameters: 
c1=
f
1
f'
t
ef
,  c2=
f
2
f'
t
ef
 (5-18) 
Parameters c1 and c2 are relative positions of stress levels, and c3 is the end strain as 
seen in Figure 5.7. 
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Figure 5.7 Steel fibre reinforced concrete model based on strain (Červenka, Libor Jendele & 
Červenka 2012) 
5.2.2.3. Compression before peak stress 
The formula recommended by CEB-FIP Model Code 90 has been adopted for the 
ascending branch of the concrete stress-strain law in compression, Figure 5.8. This 
formula enables a wide range of curve forms, from linear to curved, and is 
appropriate for normal as well as high strength concrete. 
σc
ef
=f'
c
ef kx-x
2
1+(k-2)x
,  x=
ε
εc
,  k=
E0
Ec
 (5-19) 
where; 
ef
c  Concrete compressive stress 
ef
cf '  Concrete effective compressive strength 
x normalized strain 
ε  strain 
εc  strain at the peak stress 
ef
cf '  
k  shape parameter 
Eo  initial elastic modulus 
Ec  secant elastic modulus at the peak stress, 
c
ef
c
c
f
E

'
  
Parameter k may have any positive value greater than or equal to 1. Examples: k = 1 
linear, k = 2 parabola. 
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As a consequence of the above assumption, distributed damage is considered before 
the peak stress is reached, contrary to the localised damage, which is considered after 
the peak. 
 
Figure 5.8 Compressive stress-strain diagram(Červenka, Libor Jendele & Červenka 2012) 
5.2.2.4. Compression after peak stress 
The softening law in compression is linearly descending. There are two models of 
strain softening in compression, one based on dissipated energy, and the other based 
on local strain softening. 
Fictitious compression plane model 
The fictitious compression plane model is based on the assumption that compression 
failure is localised in a plane normal to the direction of compressive principal stress. 
All post-peak compressive displacements and energy dissipation are localised in this 
plane. It is assumed that this displacement is independent of the size of the structure. 
This hypothesis is supported by experiments conducted by Vanmier (1986).  
This assumption is analogous to the Fictitious Crack Theory for tension, where the 
shape of the crack-opening law and the fracture energy are defined and are 
considered as material properties. 
Numerical Modelling and Analysis   S. Salek 
 
- 201 - 
 
Figure 5.9 Softening displacement law in compression (Červenka, Libor Jendele & Červenka 
2012) 
In case of compression, the end point of the softening curve is defined by means of 
the plastic displacement wd. In this way, the energy needed for generation of a unit 
area of the failure plane is indirectly defined. From the experiments of Vanmier 
(1986), the value of wd = 0.5 mm for normal concrete. This value is used as default 
for the definition of the softening in compression. 
The softening law is transformed from a fictitious failure plane, Figure 5.9, to the 
stress-strain relation valid for the corresponding volume of continuous material 
(Figure 5.8). The slope of the softening part of the stress-strain diagram is defined by 
two points: peak of the diagram at the maximal stress and a compressive strain limit 
εd at the zero stress. This strain is calculated from a plastic displacement wd and a 
band size Lʹd  according to the following expression: 
εd=εc+
wd
L'd
 (5-20) 
The advantage of this formulation is the reduced dependency on finite element mesh. 
Compression strain softening law based on strain 
A slope of the softening law is defined by means of the softening modulus Ed . This 
formulation is dependent on the size of the finite element mesh. 
 Localisation Limiters 
The so-called localisation limiter controls localisation of deformations in the failure 
state. It is a region (band) of material which represents a discrete failure plane in the 
finite element analysis. In tension it is a crack, in compression it is a plane of 
crushing. In reality these failure regions have some dimensions. However, since 
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according to various experiments, the dimensions of the failure regions are 
independent of the structural size, they are assumed as fictitious planes. In case of 
tensile cracks, this approach is known as rack the “crack band theory“ (Bazant 1983). 
Here the same concept is also used for the compression failure. The purpose of the 
failure band is to eliminate two deficiencies, which occur in connection with the 
application of the finite element model: element size effect and element orientation 
effect (see Figure 5.10). 
 
Figure 5.10 Definition of localisation bands (Červenka, Libor Jendele & Červenka 2012) 
 Fracture Process, Crack Width 
The process of crack formation can be divided into three stages (Figure 5.11). The 
uncracked stage is before tensile strength is reached. The crack formation takes place 
in the process zone of a potential crack with decreasing tensile stress on a crack face 
due to a bridging effect. Finally, after a complete release of the stress, the crack 
opening continues without the stress. 
The crack width w is calculated as a total crack opening displacement within the 
crack band. 
w=εcrL't 
(5-21) 
where cr is the crack opening strain, which is equal to the strain normal to the crack 
direction in the cracked state after the complete stress release.  
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Figure 5.11 Stages of crack opening (Červenka, Libor Jendele & Červenka 2012) 
 
It has been shown that the smeared model, based on the refined crack band theory, 
can successfully describe the discrete crack propagation in plain, as well as 
reinforced concrete (Cervenka et al. 1991, 1992, and 1995). 
It is also possible that the second stress, parallel to the crack direction, exceeds the 
tensile strength. Then the second crack, in the direction orthogonal to the first one, is 
formed using the same softening model as the first crack. (Note: The second crack 
may not be shown in a graphical post-processing. It can be identified by the concrete 
state number in the second direction at the numerical output.) 
 Biaxial Stress Failure Criterion of Concrete 
5.2.5.1. Compressive failure 
A biaxial stress failure criterion according to Kupfer et al. (1969) is used as shown in 
Figure 5.12. 
 
Figure 5.12 Biaxial failure function for concrete (Červenka, Libor Jendele & Červenka 2012) 
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In the compression-compression stress state the failure function is; 
f'
c
ef
=
1+3.65a
(1+a)2
f'
c
,  a=
σc1
σc2
 (5-22) 
where 1c  and 2c  are the principal stresses in concrete and cf   is the uniaxial 
cylinder strength. In the biaxial stress state, the strength of concrete is predicted 
under the assumption of a proportional stress path. 
In the tension-compression state, the failure function continues linearly from the 
point 01 c  and cc f 2  into the tension-compression region with linearly 
decreasing strength: 
f'
c
ef
=f
c
'
rec ,  rec= (1+5.3278
σc1 
f
c
'
)  ,  1.0≥  rec ≥0.9 (5-23) 
where rec is the reduction factor of the compressive strength in principal direction 2 
due to the tensile stress in principal direction 1. 
5.2.5.2. Tensile failure 
In the tension-tension state, the tensile strength is constant and equal to the uniaxial 
tensile strength tf  . In the tension-compression state, the tensile strength is reduced 
by the relation: 
f'
t
ef
=f'ret 
(5-24) 
where ret is the reduction factor of the tensile strength in direction 1 due to the 
compressive stress in direction 2. The reduction function has one of the following 
forms, (Figure 5.13). 
ret=1-0.95
σc2
f'
c
 (5-25) 
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ret=
A+(A-1)B
AB
,  B=Kx+A,  x=
σc2
f'
c
 (5-26) 
The relation in Equation (5-25) is the linear decrease of the tensile strength and 
Equation (5-26) is the hyperbolic decrease.  
 
Figure 5.13 Tension-compression failure function for concrete (Červenka, Libor Jendele & 
Červenka 2012) 
Two predefined shapes of the hyperbola are given by the position of an intermediate 
point r and x. Constants K and A define the shape of the hyperbola. The values of the 
constants for the two positions of the intermediate point are given Table 5.1. 
Table 5.1.The values of constants related to Equation (5-26) 
Type 
Point  Parameters 
r x  A K 
a 0.5 0.4  0.75 1.125 
b 0.5 0.2  1.0625 6.0208 
 Crack Modelling 
The smeared crack approach for modelling of the cracks is adopted in the model 
SBETA. Within the smeared concept, two options are available for crack models: the 
fixed crack model and the rotated crack model. In both models the crack is formed 
when the principal stress exceeds the tensile strength. It is assumed that the cracks 
are uniformly distributed within the material volume. This is reflected in the 
constitutive model by introduction of orthotropy. 
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 Compressive Strength of Cracked Concrete 
A reduction of the compressive strength after cracking in the direction parallel to the 
cracks is done in a similar way to experiments of Vecchio and Collins (1982) and 
formulated in the Compression Field Theory. However, a different function is used 
for the reduction of concrete strength here, in order to allow for user's adjustment of 
this effect. This function has the form of Gauss's function, (Figure 5.14). The 
parameters of the function were derived from the experimental data published by 
Kolleger et al. (1988), which included also data of Vecchio and Collins (Vecchio et 
al. 1982). 
 
Figure 5.14 Compressive strength reduction of cracked concrete (Červenka, Libor Jendele & 
Červenka 2012) 
f'
c
ef
=rcf'c,  rc=c+(1-c)e
-(128εu)
2
 
(5-27) 
For the zero normal strain (  ) there is no strength reduction, and for the large 
strains, the strength is asymptotically approaching to the minimum value c
ef
c fcf  . 
The constant c represents the maximal strength reduction under the large transverse 
strain. From the experiments by Kolleger et al. (1988), the value c = 0.45 was 
derived for the concrete reinforced with a fine mesh. The other researchers 
(Dyngeland 1989) found the reductions not to be less than c = 0.8. The value of c can 
be adjusted by input data according to the actual type of reinforcing. 
However, the reduction of compressive strength of the cracked concrete does not 
have to be affected only by the reinforcing. In the plain concrete, when the strain 
localises in one main crack, the compressive concrete struts can cross this crack, 
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causing so-called "bridging effect". The compressive strength reduction of these 
bridges is also captured by the above model. 
 Tension Stiffening in Cracked Concrete 
The tension stiffening effect can be described as a contribution of cracked concrete to 
the tensile stiffness of reinforcing bars. This stiffness is provided by the uncracked 
concrete or not fully opened cracks and is generated by the strain localisation 
process. This phenomenon was verified by simulation based experiments of Hartl, G. 
(1977) and published in the paper (Margoldova et al. 1998). 
Including an explicit tension stiffening factor would result in an overestimation of 
this effect. Therefore, in the ATENA versions up to1.2.0 no explicit tension 
stiffening factor is possible as input. 
 Material Stiffness Matrices 
5.2.9.1. Uncracked concrete 
The material stiffness matrix for the uncracked concrete has the form of an elastic 
matrix of an isotropic material. It is written in the global coordinate system x and y 
as, 
 
(5-28) 
 
In the above equation, E is the concrete elastic modulus derived from the equivalent 
uniaxial law. The Poisson's ratio (ν) is a constant. 
5.2.9.2. Cracked concrete 
For the cracked concrete, the matrix has the form of an elastic matrix of orthotropic 
material. The matrix is formulated in a coordinate system m1 and m2, which is 
coincident with the crack direction. This local coordinate system is referred to with 
superscript L later. Direction 1 is normal to the crack and direction 2 is parallel to the 
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crack. The definition of the elastic constants for the orthotropic material in the plane 
stress state follows from the following flexibility relation: 
 
(5-29) 
First we eliminate the orthotropic Poisson’s ratios for the cracked concrete, because 
they are commonly not known. For this, we use the symmetry relation 
121212 EE   . 
Therefore, in Equation (5-29) there are only three independent elastic constants E1, 
E2 and ν2. Assuming that  21 is the Poisson's ratio of the uncracked concrete and 
using the symmetry relation, we obtain; 
ν12=
E1
E2
ν (5-30) 
The stiffness matrix 
L
cD is found as the inverse of the flexibility matrix in Equation 
(5-30): 
 
(5-31) 
where; 
ξ=
E1
E2
,  H=E1(1-ξν
2) (5-32) 
In the above relation, E2 must be non-zero. If E2 is zero and E1 is non-zero, then an 
alternative formulation is used with the inverse parameter; 
1
21
E
E


. In the case that 
both elastic moduli are zero, the matrix 
L
cD  is set equal to null matrix. The matrix 
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L
cD  is transformed into the global coordinate system using the transformation matrix 
T  from Equation (5-9). 
Dc=Tε
TDc
LTε 
(5-33) 
The angle α is between the global axis x and the 1st material axis m1, which is 
normal to the crack. 
5.2.9.3. Smeared reinforcement 
The material stiffness matrix of the ith smeared reinforcement is; 
 
(5-34) 
The angle β is between the global axis x and the ith reinforcement direction, and Esi is 
the elastic modulus of reinforcement. The reinforcement ratio pi =As / Ac. 
5.2.9.4. Material Stiffness of Composite Material 
The total material stiffness of the reinforced concrete is the sum of material stiffness 
of concrete and smeared reinforcement: 
D =Dc+ ∑ Dsi
n
i=1
 (5-35) 
The summation is over n smeared reinforcing components. In ATENA the smeared 
reinforcement is not added at the constitutive level, but is modelled by separate 
layers of elements whose nodes are connected to those of the concrete elements. This 
corresponds to the assumption of perfect bond between the smeared reinforcement 
and concrete. 
Note: The material stiffness matrices are either secant or tangent, depending on the 
type of elastic modulus used. The secant material stiffness matrix is used to calculate 
the stresses for the given strains. The tangent material stiffness matrix is used to 
construct the element stiffness matrix. 
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 Analysis of Stresses 
The stresses in concrete are obtained using the actual secant component material 
stiffness matrix; 
Sc=Dc
se (5-36) 
Where 
s
cD  is the secant material stiffness matrix for the uncracked or cracked 
concrete depending on the material state. The stress components are calculated in the 
global as well as in the local material coordinates (the principal stresses in the 
uncracked concrete and the stresses on the crack planes). The stress in reinforcement 
and the associated tension stiffening stress is calculated directly from the strain along 
the reinforcement direction. 
 Parameters of Constitutive Model 
The SBETA constitutive model of concrete includes 20 material parameters. These 
parameters are specified for the problem under consideration by user. In case the 
parameters are not known, automatic generation can be done using the default 
formulas (some of which are given in Table 5.2). In such a case, only the cube 
strength of concrete cuf   (nominal strength) is specified and the remaining parameters 
are calculated as functions of the cube strength. The formulas for these functions are 
taken from the CEB-FIP Model Code 90 and other research sources. Adopted unit is 
MPa. 
Note: when simulating a real behaviour, the parameters should be chosen as close as 
possible to the properties of real materials. The best way is to determine these 
properties from mechanical tests on material sample specimens. 
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Table 5.2 Default formulas of material parameters (Červenka, Libor Jendele & Červenka 2012) 
Parameter Formula 
Cylinder strength cuc ff  85.0  
Tensile strength 
3/224.0 cut ff   
Initial elastic modulus   cucuc ffE  5.156000  
Poisson’s ratio 2.0  
Compressive strength in cracked concrete 8.0c  
Tension stiffening stress 0st  
Fracture energy Gf according to VOS 1983  mMNef
t
f
F
G /000025.0   
 
5.3. Finite Element Analysis of the Specimens 
The ATENA 2D software package was utilized to carry out the FE analysis. The 
reinforced concrete beams and joints were simulated assuming a plane stress state for 
the structural components. Geometry of specimens were modelled the same as the 
experimental specimens with all the details including the steel plates for the supports 
and load in FE modelling. The 2D interface gap elements were used between 
concrete and steel plates in supports and also load plates.  
The geometry of reinforced concrete beams and beam-column joints are depicted in 
Figure 5.15 and Figure 5.16. It should be mentioned that for CC beams, three 
geometrical models have been created due to having three different corrosion stages 
where, for Arc beams no loss of dimensions was observed and hence, all of them 
have the same dimensions as the reference sample.  
Beam-column joints were modelled with CC and ARC with different reinforcement 
arrangement i.e. 70 mm and 140 mm transverse reinforcement spacing. 
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(a) 
 
(b) 
 
(c) 
Figure 5.15 RC beam schematic modelled in ATENA; (a) CC-0W and CC-4W and all ARC 
beams, (b) CC-8W and (c) CC-12W 
 
                (a) 
 
                      (b) 
Figure 5.16 RC subassemblies schematic modelled in ATENA; (a) CC-70 mm, and ARC-70 mm 
and (b) ARC-140 mm  
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It should be mentioned that for the beam specimen CC-12W (Conventional concrete 
after 12 weeks in acid), the acid had affected and washed all the concrete cover and 
the new section was modelled geometrically as shown in Figure 5.15. For this 
sample, according to the visual observation, acid reached the reinforcement and 
almost 10% of diameter of reinforcement reduced due to the corrosion. In related 
finite element model, this reduction of cross sectional area of reinforcing bars and 
reduction of yielding and ultimate strength of reinforcement were applied when 
assigning the material properties to reinforcement in modelling.   
After geometrical modelling, the material properties were assigned to the model. For 
the concrete material, the ‘SBETA Material’ as described in details in section 5.2 is 
utilised. The concrete properties presented in Chapter 3  are assigned to the SBETA 
Material for each concrete beams and joints. The only difference between 
conventional concrete and ARC specimens is material properties that were allocated 
to SBETA model. For instance, a screen shot of given material properties for 
conventional concrete is shown in Figure 5.17. 
 
Figure 5.17 SBETA Material used in FE modelling for conventional concrete 
For the longitudinal and transverse steel reinforcement, the multi-linear and bilinear 
‘Reinforcement’ model are utilized, respectively (See Figure 5.18). The mechanical 
properties of steel reinforcements are obtained from the test results presented in 
Chapter 3. 
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Figure 5.18 Reinforcement models multi-linear and bilinear used in FE modelling for 
longitudinal and transverse reinforcement, respectively 
 
Afterwards, by defining analysis steps (load steps as 1 mm / step), the mesh size 
sensitivity analysis was performed. As the result, the mesh size of 10 mm was chosen 
and utilized for all beam and beam-column joint specimens. 
5.4. Finite Element Analysis Results 
The results of the FE analysis were obtained and compared to those gained from the 
experimental tests as given in Table 1.3 and presented in Figure 5.19 to Figure 5.23. 
The results show that FE analysis has good correlation with experimental ones, 
particularly for beams. and by using ATENA software, the ultimate capacity of 
structural element can be captured accurately.  
In the case of RC beams, the only difference in modelling of the beams is material 
properties of concrete and geometry of beams’ sections. It can be seen that not only 
peak load capacity of beams can be predicted accurately by means of FE analysis but 
also the trend of load versus deflection graphs from FE analysis have  good 
correlations with the experimental ones. 
For modelling the new concrete, ARC, which contains different types of fibres, there 
is no built-in option in the software to model the synthetic fibre reinforced concrete, 
therefore, the modelling was executed by introducing the mechanical properties of 
ARC concretes into the software (same as conventional concrete).  
In general, the FE results show that this new concrete can be modelled similar to 
conventional concrete and there are no particular issues. Moreover, according to the 
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results obtained from FE analysis, for beam-column joint elements, it can be 
concluded that the FE model is capable of capturing the ultimate load capacity of 
specimens fairly accurately and the load versus deflection trend is close to envelope 
of cyclic tests. 
Table 5.3 Summary of FE results for beam and joint specimens and comparison with 
experimental results 
No 
Specimen 
designation 
Element 
type 
Concrete 
type 
Immersion 
age in acid 
Experimental  
peak load  
(kN) 
Finite 
element  
peak load  
(kN) 
PFE/PExp 
1 CC-0Week Beam CC 0-week 93.7 89.52 0.96 
2 CC-4Week Beam CC 4-weeks 88.41 89.52 1.01 
3 CC-8Week Beam CC 8-weeks 82.7 80.06 0.97 
4 CC-12Week Beam CC 12-weeks 52.84 56.08 1.06 
5 ARC-0Week Beam ARC 0-week 87.93 85.7 0.97 
6 ARC-4Week Beam ARC 4-weeks 85.16 85.7 1.01 
7 ARC-8Week Beam ARC 8-weeks 80.23 83.84 1.04 
8 ARC-12Week Beam ARC 12-weeks 78.81 83.84 1.06 
9 ARC-70 mm Joint ARC ‒ 46.46 46.02 0.99 
10 ARC-140 mm Joint ARC ‒ 40.04 43.58 1.09 
11 CC-70 mm Joint CC ‒ 39.89 46.35 1.16 
 
 
 
Figure 5.19 FE modelling results of beam CC-0W and CC-4W 
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 Figure 5.20 FE modelling result of beam CC-8Week 
 
Figure 5.21 FE modelling result of beam CC-12W 
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Figure 5.22 FE modelling results of beam ARC-0W and ARC-4W 
 
Figure 5.23 FE modelling results of beam ARC-8W and ARC-12W 
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Figure 5.24 FE modelling result of beam-column joints, ARC-70 mm 
 
Figure 5.25 FE modelling result of beam-column joints, ARC-140 mm 
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Figure 5.26 FE modelling result of beam-column joints, CC-70 mm 
5.5. Concluding Remarks 
The results of finite element analyses using ATENA software demonstrate that in 
both cases of conventional concrete (CC) and ARC beams and also beam-column 
joints, accurate results can be obtained which are consistent with the experimental 
results. If suitable basic data and information are available from mechanical and 
geometrical properties of materials and elements, fair and accurate results can be 
predicted by means of FE analysis.  
Given the proof of reliability and validation of the used FE models by comparing the 
results with the experimental works of this research, there is a potential for more 
analytical modeling particularly, on beam-column joints by changing the 
reinforcement arrangement and reducing the transverse reinforcing bars in future 
studies. 
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Chapter 6 
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 Microstructural Characterisation 
6.1. Introduction 
Characterisation is an essential aspect of materials research that involves the 
determination of point-to-point variation in composition, structure and microstructure 
of materials. Understanding the distribution of elements and phases in structures is 
critical to optimising the performance of all materials (Wuhrer, Moran & Moran 
2006) .  
Extensive microstructural studies have been performed on the acid resistant concrete 
(ARC) and conventional concrete (CC) before and after exposure to 7% (by volume) 
sulphuric acid solution. The aim of these investigations was to detect changes in 
microstructures and the deterioration processes in both types of concretes after 
exposure to sulphuric acid and their effect on mechanical properties.  
For this purpose, various techniques including scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDS), X-ray mapping (XRM) and X-ray 
diffraction (XRD) were employed. The focus of each above-mentioned techniques 
used in this research was as follows; 
 SEM imaging and EDS analysis :  
 Changes of the microstructure of pastes after exposure to acid.  
 Determining the reaction products of acid attack in concretes with respect 
to the exposure surface. 
 XRM was used to study the elements distributions particularly sulphur in 
concrete after exposure to the sulphuric acid. 
 XRD was employed to look at the existing phases and detect new phases such as 
gypsum and ettringite in concretes after immersion in sulphuric acid. 
6.2. Examination Methods 
 Scanning Electron Microscopy (SEM)  
The scanning electron microscope (SEM) is a microscope that images the sample 
surface by scanning with a high-energy beam of electrons in a raster scan pattern. 
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The electrons interact with the atoms that make up the sample, producing signals that 
contain information about the sample's surface topography, composition and other 
properties. Mainly, two signals are measured in the SEM providing different 
information about the sample, namely, secondary electrons (SE) and back-scattered 
electrons (BSE). 
Secondary electrons (SE) images provide information about the topography of 
samples whereas, back-scattered electrons (BSE) images contain compositional 
information that are differentiated by their atomic numbers. This means the higher 
the atomic number of an element/phase, the brighter it will be in a BSE image. 
However, BSE does not identify elements or composition. Hence, the need for EDS 
analysis.  
In publications for analysis of concrete, mostly secondary electrons (SEI) images in 
addition to energy dispersive spectrometry (EDS) analysis have been used. However, 
back-scattered (BSE) images can also provide significant compositional information. 
Figure 6.1 shows the difference between SE and BSE images of a concrete sample. 
  
(a) (b) 
Figure 6.1 SEM images from identical region of concrete (a) SE and (b) BSE image 
 Energy Dispersive X-ray Spectroscopy (EDS) 
Energy dispersive spectrometry (EDS) is also an established technique for the 
analysis of the chemical composition of materials in a SEM. The EDS detector is 
usually attached to SEM instruments as shown in Figure 6.2 and provides the spectra 
of chemical components and their quantifications. 
Fly ash 
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In this study, a JEOL JSM 6510 (low vacuum) and JEOL 7001F (high vacuum) SEM 
instruments equipped with EDS (shown in Figure 6.2) were used. Both SE and BSE 
images were taken from the concrete samples at different magnifications ranging 
from ×25 to ×15,000 and accelerating voltages of 15, 20 and 25 kV. The lower the 
accelerating voltage, the more surface detail could be captured from the sample 
surface. 
  
(a) (b) 
Figure 6.2 Instruments used for SEM imaging and EDS analysis, (a) a JEOL 7001F (high 
vacuum SEM instrument equipped with EDS and (b) JEOL JSM 6510 equipped with Moran 
EDS, This instrument can operate in high vacuum and low vacuum modes 
Two series of samples were carefully examined, conventional concrete (CC) and acid 
resistant concrete (ARC). For both concrete types, non-polished fractured samples 
before and after exposure to acid were initially examined in a JEOL 6510 SEM using 
low vacuum mode. Then, fractured (acid and non-acid exposed CC and ARC) 
samples were set in epoxy resin, polished and prepared for further examination in a 
JEOL 7001F SEM that operates in high vacuum mode. The preparation of samples 
and examination procedure are presented in Section 6.2.3.1. 
 X-Ray Mapping (XRM) 
X-ray mapping (XRM) was first developed by Duncumb and Cosslett in 1956 
(Wuhrer & Moran 2014). This analytical technique provides a high magnification 
image related to the distribution and relative abundance of elements within a given 
specimen. This capability makes XRM particularly useful for: (i) identifying the 
EDS  
detector 
EDS 
detector 
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location of individual elements and (ii) mapping the spatial distribution of specific 
elements and phases within a sample (material surface) (Wuhrer, Moran & Moran 
2006).  
An XRM image is generated by converting the number of X-ray photons of specified 
energy detected at each point into a brightness value (colour) for a pixel on the 
screen or digital image. If utmost care is taken with collecting and processing x-ray 
maps, then further processing such as chemical imaging can be performed (Wuhrer, 
Moran & Moran 2006).  
Pseudo colouring was also used to distinguish different elements in the sample. 
Pseudo colouring is a method for determining elemental associations. This technique 
is where three elemental maps have been assigned the colours red, green, and blue. 
Because the colours red, green and blue form specific colours when combined on a 
computer graphics monitor, elemental associations are clearly shown in a single 
“pseudo” colour image (Moran & Wuhrer 2010; Wuhrer & Moran 2015). 
A JEOL JXA-8600 super probe instrument (shown in Figure 6.3) with a Moran X-
ray mapping software/hardware system was used for X-ray mapping in this research.   
 
Figure 6.3 JEOL JXA-8600 super probe instrument used for EDS/WDS analysis and X-ray 
mapping (XRM) 
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6.2.3.1.  Sample preparation for SEM, EDS and XRM analyses 
For SEM, EDS and XRM analyses twelve concrete samples with dimensions of 
about 20 mm × 20 mm × 10 mm were taken from the identical regions of cylindrical 
specimens (100 mm × 200 mm) (Figure 6.4 and Figure 6.5). Sample preparation is 
critical as breaking concrete may introduce artifact cracks. Identification of 
elements/phases in the cracks such as alkali silica gel, ettringite, calcite or calcium 
hydroxide and also the presence of resin used to mount the sample can help to 
determine if cracks are pre- or post- sampling (ASTM C1723-10). Given the purpose 
of studying the microcracks in this research, the samples had not been loaded before 
SEM examinations. 
Both freshly-fractured surface (for low vacuum SEM analysis) and prepared polished 
samples (for high vacuum SEM, EDS and XRM analysis) of each concrete type were 
examined with SEM and EDS. For the fractured surface observations, samples were 
mounted on the stub and examined without any further preparation. 
 
Figure 6.4 The location of samples taken for SEM, EDS and XRM examinations from acid 
exposed cylinders with dimensions of (100mm × 200mm) 
The polished samples were prepared by placing the fractured sample in a plastic 
mould and setting in an epoxy resin. The samples were placed under vacuum for 24 
hours to cure. Once the resin cured, the sample was ground on a rotary lapping 
machine using silicon carbide sand paper ranging from 80, 120, 240, 400, 600, and 
1200 grit size for 30 minutes and then further polished using 3µm and 1µm diamond 
paste on synthetic cloth discs (Figure 6.5). Samples after preparation were carbon 
coated (30 nm) using a Leica carbon coater (Figure 6.6).  
Intact area 
Acid exposed 
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(a) (b) (c) 
Figure 6.5 Sample preparation for SEM, EDX and XRM examinations, (a) fresh fractured 
surface, (b) polishing the surface of sample on rotary machine and (c) polished sample ready to 
be coated 
 
 
 
 
(a) (b) 
Figure 6.6 Sample preparation for SEM, EDX and XRM examination, (a) a Leica carbon coater 
instrument and (b) a carbon coated sample ready for examinations 
As discussed in Section 3.3.2, acid affected layer of concretes was recognised by use 
of Thymol blue indicator. Samples for SEM analysis were prepared in a way to have 
both acid affected layer and the intact area of concretes in one sample, as shown in 
Figure 6.4 and Figure 6.7.  
 
C
m
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Figure 6.7 Acid exposed ARC sample set in epoxy resin, polished and carbon coated, ready for 
high vacuum SEM imaging, EDS and XRM 
 X-Ray Diffraction (XRD) 
X-ray diffraction (XRD) is a powerful technique for characterizing crystalline 
materials that can provide information on crystallinity, phases, preferred crystal 
orientation, and other structural parameters.  X-ray diffraction peaks are produced by 
constructive interference of a monochromatic beam of x-rays scattered at specific 
angles from each set of lattice planes in a sample and finally, the phases are 
identified by searching the standard data base (Wuhrer 2001). 
In this research, XRD was employed to detect the phases in both concrete samples 
before and after exposure to sulphuric acid. Such secondary deposits cannot be 
positively identified just by morphology and elemental analysis (ASTM C1723-10) 
and hence, XRD was used for this purpose. 
A Bruker D8 Advance powder diffractometer (XRD) instrument (Figure 6.8) was 
utilised in this study. Scans were taken using a Cu Kα source (λ = 1.5406 Å) at 40 
kV and 40 mA. The scan range was from 5-70° 2ɵ, with a step size of 0.02° and 
measured at 4 seconds per step. 
 
Intact area 
Acid affected 
layer 
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Samples of cementitious pastes of CC and ARC were taken from the surface of 
specimens before and after exposure to acid and were ground using a mortar and 
pestle (Figure 6.8a) before the analysis. Samples were mounted to low silicon 
background holders (Figure 6.8b). 
 
 
 
 
 
 
(a) 
 
(b) (c) 
Figure 6.8 Sample preparation for XRD examination, (a) grinding the paste in a mortar and 
pestle, (b) mounting the samples on XRD discs and (c) powder samples in XRD instrument 
6.3. Results and Discussions 
 Changes of Microstructure after Exposure to Acid 
Comprehensive series of low vacuum and high vacuum mode SEM examinations 
plus EDS analysis of the CC and ARC, before and after acid exposure, showed 
differences in various characteristics of both concretes after immersion in acid.  
6.3.1.1. Microcracks formation 
Failure of concrete is due to the development of microcracks and cracking. 
Microcracks can exist in the cement paste, ITZ or even on the aggregates themselves. 
The amount of microcracks would depend on the aggregate size and grading, cement 
content, water-cement ratio, degree of consolidation of fresh concrete, curing 
conditions, environmental humidity and the thermal history of the concrete (Siringi 
2012). Rapid propagation and interlinkage of the crack system, consisting of pre-
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existing cracks at the ITZ and newly formed cracks in the matrix accounts for the 
brittle failure of concrete (Mehta & Monteiro 2005).  
Careful SEM examination of polished concrete samples showed noticeable increase 
in number of microcracks in acid affected layers of both types of concretes compared 
to the intact areas (Figure 6.10 and Figure 6.11). This is mainly attributed to 
formation of expansive products after exposure to acid.  Both types of concretes also 
had more porous structure in their acid affected layer compared to the sound area due 
to the acid attack and decalcification of hydrated phases in concrete. Figure 6.9 
shows high magnification SEM images from both acid affected and intact areas of 
CC and ARC.  
  
(a) (b) 
  
(c) (d) 
Figure 6.9 High magnification SEM images of concrete samples, (a) CC before exposure to acid, 
(b) CC after exposure to acid, (c) ARC before exposur eto acid and (d) ARC after exposure to 
acid, showing more porous structure after exposure to acid and decalcification of C-S-H in 
concretes 
Figure 6.10 and Figure 6.11 show SEM images and EDS analysis of CC and ARC 
pastes before and after exposure to acid. As shown, in cement pastes of both 
C-S-H 
Microstructural Characterisation   S. Salek 
 
- 230 - 
concretes, more microcracks were observed after exposure to acid. Extensive EDS 
analysis was performed on different areas of ARC and CC samples before and after 
immersion in acid. Examples of these analyses are presented in Figure 6.10 and 
Figure 6.11. In these figures chemical compositions of CC and ARC pastes have 
been presented in addition to the ratio of calcium to silica (Ca/Si). By comparison of 
chemical components of CC (Figure 6.10) with ARC (Figure 6.11) before exposure 
to acid, it is observed that chemical elements of ARC paste are very similar to the 
CC. Ratio of Ca/Si in CC is slightly higher than ARC before exposure to acid. This 
ratio did not change that much for ARC after exposure to acid whereas in CC it 
decreased (from 0.52 to 0.39). This may be an indication of decalcification in CC 
after acid exposure. 
  
(a) (b) 
  
(c) (d) 
Figure 6.10 SEM image, EDS spectrum and chemical compositions of CC paste, (a,c) before 
exposure to acid and (b,d) after 4 weeks of  exposure to 7% sulphuric acid, SEM image shows 
the formation of microcracks in the CC paste after exposure to acid and EDS shows lower Ca/Si 
ratio for CC after exposure to acid compared to intact area 
Element 
Weight 
(%) 
Si 50.2 
S 19.7 
Ca 19.7 
Fe 1.9 
K 1.1 
Mg 0.8 
Al 5.4 
Na 1.2 
 
Ca/Si = 0.39 
Microcracks 
Element 
Weight 
(%) 
Si 51.3 
S 1.2 
Ca 26.7 
Fe 1.8 
Mg 2.1 
Al 14.9 
Na 0.7 
 
Ca/Si = 0.52 
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(a) (b) 
  
(c) (d) 
Figure 6.11 SEM images, EDS spectrum and chemical compositions of ARC paste, (a,c) before 
exposure to acid, (b,d) after 8 weeks of exposure to 7% sulphuric acid. SEM image shows the 
formation of microcracks in the ARC paste after exposure to acid and EDS shows similar Ca/Si 
ratio for ARC after exposure to acid compared to intact area 
In both concretes, cracks were observed to initiate from the interface of aggregate 
pastes. This is in agreement with previous research regarding the weakness of this 
area in concrete compared to the bulk paste (Mehta & Monteiro 2005; Neville 1996; 
Siringi 2012). Figure 6.12 shows an SEM image revealing the initiation of cracks 
from the ITZ area around the aggregates.  
This area is recognised in concretes by use of BSE-SEM imaging knowing the range 
of the thickness and checking the ratio of Ca/Si by use of EDS, as in the ITZ zone, 
this ratio is much higher than the bulk paste due to formation of more and larger 
crystals of calcium hydroxide (Siringi 2012). More details have been provided in this 
regard in Chapter 2. 
Element 
Weight 
(%) 
Si 43.8 
S 23.2 
Ca 20.0 
Fe 2.0 
K 0.9 
Mg 0.7 
Al 8.6 
Na 0.8 
 
Ca/Si = 0.46 
Microcracks 
Element 
Weight 
(%) 
Si 53.4 
S 1.2 
Ca 25.2 
Fe 2.3 
K 1.1 
Mg 1.8 
Al 14.4 
Na 0.5 
 
Ca/Si = 0.47 
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Higher concentration of voids and microcracks in the ITZ, make it the weakest link 
of the chain and is considered as the strength-limiting phase in concrete. Due to the 
presence of the ITZ, concrete fails at lower stress levels than the strength of either of 
the two main components. This does not take very high energy levels to extend the 
cracks already existing in the ITZ, even at 50% of the ultimate strength; higher 
incremental strains may be obtained per unit of applied stress. This explains the 
phenomenon that the components of concrete (aggregate and hydrated cement paste) 
usually remain elastic until fracture in uniaxial compression test, whereas concrete 
itself shows inelastic behavior (Siringi 2012). 
In both CC and ARC pastes, whether before or after exposures to acid, cracks were 
mainly observed to start from interface between aggregates and bulk paste. Figure 
6.12 shows an example of initiation of cracks from the ITZ around the aggregate. 
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(a) 
 
(b) 
Figure 6.12 SEM images of ITZ in ARC samples after exposure to acid (a) SEI global image and 
(b) higher magnification BSE image  
 Reaction Products of Acid Attack 
The acid exposed layers of the CC and ARC were examined by SEM imaging and 
EDS to detect new products such as gypsum or ettringite resulting from the chemical 
reactions between the sulphuric acid and cementitious materials.  
In the acid affected layers of the CC, no ettringite was observed. Microcracks were 
mostly formed in interfacial transition zone (ITZ) around the aggregates due to 
formation of gypsum in these areas. Formation of gypsum in the ITZ is attributed to 
Aggregate 
Cracks 
Cement Paste 
ITZ 
Aggregates 
Bulk cement paste 
ITZ 
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a high amount of calcium phases and the existence of larger crystals of calcium 
hydroxide (CH) and their subsequent reactions with sulphuric acid.  
Figure 6.13 shows the SEM images and EDS analysis of a sample where gypsum had 
formed around the aggregate in the acid affected layer of CC. This gypsum and its 
expansive reaction seem to be responsible for aggregates becoming loose and falling 
out in acid affected layers of the CC. Separation of aggregates from the paste allows 
more corrosive agents to enter and affect the intact area of concrete. Gypsum was 
also observed around the ITZ of ARC as shown in Figure 6.14.  
   
(a) 
 
 
(b) (c) 
Figure 6.13 Formation of gypsum crystals in ITZ around the aggregates in CC after 4 weeks 
immersion in 7% sulphuric acid (a) global SEM image, (b) higher magnification of zone A and 
(c) a EDS spectra (Energy-Intensity) of zone B, shows formation of gypsum. 
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(a) 
 
(b) 
Figure 6.14 SEM images, (a) global image and (b) higher magnification of zone C, showing the 
formation of gypsum crystals in ITZ around the aggregates in ARC after eight weeks immersion 
in 7% sulphuric acid  
In the acid affected layer of ARC (Figure 6.15), gypsum crystals are dispersed and 
crystals of gypsum are mostly surrounded by phases mainly containing silica and 
aluminum. This is expected as ARC contains a number of high silica and low 
calcium phases. In the acid affected layer of CC, gypsum crystals were often found 
in the ITZ area around the aggregate.  
C 
C-S-H 
C-S-H 
C 
Gypsum 
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(a) 
 
(b) 
Figure 6.15 SEM images, showing the formation of gypsum in the paste of ARC after eight 
weeks of exposure to 7 % sulphuric acid , (a) global image and (b) higher magnification of    
zone A  
SEM and EDS analyses revealed the presence of an expansive phase in interior 
layers of the acid affected paste in ARC. This phase, that had similar morphology 
and elements to the ettringite, caused the formation of microcracks in the paste as 
shown in Figure 6.16. No ettringite was found to develop in acid affected layer of 
CC. 
A 
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(a) 
 
 
 
(b) 
 
(c) 
Figure 6.16 Formation of ettringite in the paste of ARC after four weeks of exposure to 7 % 
sulphuric acid, (a) global SEM image, (b) higher magnification of zone A and (c) EDS analysis 
In order to confirm these phases (gypsum and ettringite), the acid affected layers of 
CC and ARC were examined by X-ray diffraction (XRD). Figure 6.17 and Figure 
6.18 show the XRD spectrum of CC and ARC before and after acid exposure            
(4 weeks and 8 weeks of exposure to 7% sulphuric acid, respectively). As shown in 
these figures, no ettringite was observed in this analysis. 
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Another important finding about the ARC samples is the formation of a barrier gel at 
the interface of the acid affected and non-acid affected paste. This gel was shown to 
fill the pores in concrete and seems to prevent the aggressive agents from entering 
the sound mix. Figure 6.19 shows SEM images and EDS analysis of the above 
mentioned gel/phase that contains mostly silica and aluminium which is an indication 
of the formation of geo-cement polymer binder consisting of poly (aluminate silicate) 
three dimensional network as discussed in Chapter 2. 
 
(a) 
 
 
(b) (c) 
Figure 6.19 Formation of alumina silica phase at the interface of acid affected and non-acid 
affected paste in ARC after eight weeks of exposure to 7 % sulphuric acid (a) global SEM 
image, (b) higher magnification SEM image, showing filling of the pores in interface of acid 
affected and non-acid affected layer of ARC and (c) EDS spectra of this sealing gel (Intensity 
versus energy) 
O 
Compound 
Mass 
(%) 
Al2O3 9.8 
SiO2 35.0 
SO3 36.2 
CaO 19.0 
 
Microstructural Characterisation   S. Salek 
 
- 241 - 
 Bridging Effect of Fibres  
As mentioned at the beginning of this chapter, both non-polished fractured and 
polished surfaces of concrete samples were examined. Although, the examination of 
polished samples provided significant information about changes in the paste of both 
concretes after immersion in acid, there are some features about the matrices that 
could not be reliably obtained from polished samples as they were dissipated due to 
polishing the samples’ surfaces. Examination of the non-polished samples provided 
the opportunity to visualise the bridging role of polymeric fibres in the ARC paste 
and to keep the entire matrix together.  
Fibres are usually added into a brittle-matrix composite to help improve three major 
aspects, namely; toughness, ductility and strength (tensile) (Arisoy 2002). Fibres tend 
to increase toughness of the composite material by bridging the cracks and providing 
energy absorption mechanism related to de-bonding and fibre pull-out. Furthermore, 
they can increase the ductility of the composite by allowing multiple cracking. They 
may also help increase the strength by transferring load and stresses across the 
cracks. Figure 6.20 shows an example of this bridging effect of the fibres in ARC 
concrete. Given the type of these fibres in ARC, which are mainly resistant to acid, 
they can play the same bridging role in acid affected paste as well. 
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(a) 
  
(b) (c) 
Figure 6.20 SEM images showing the crack bridging role of polymeric fibres in ARC after eight 
weeks of exposure to 7% sulphuric acid, (a) global image and (b,c) higher magnification SEM 
images showing the fibre bridging in the cementitious paste 
 Elements Distribution and Sulphur Penetration 
The distribution of elements, in particular sulphur, was investigated by X-ray 
mapping.  For this purpose four main elements, calcium, silica, sulphur and iron were 
investigated at the interface of acid affected and non-acid affected areas of the ARC 
and CC samples in order to get better understanding regarding the mechanism of acid 
attack on both materials in terms of elements distributions. Different areas of CC and 
ARC before and after exposure to acid were examined using XRM analysis with 
different magnifications ranging from ×60 to ×1000. As discussed in Chapter 3, the 
acid affected layer of the CC had already been degraded and dissolved before the 
examinations, and there was only a small area left of the sample for analysis. 
However, this was not the case for the acid affected layer of ARC sample. 
Fibre 
Fibre 
Fibre 
Crack 
Crack 
Fibres 
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Figure 6.21 to Figure 6.29 show the elemental XRM images and pseudo coloured 
images in acid exposed CC and ARC samples. The brighter (white) areas of the X-
ray image reveal the higher content of an element or phase. 
   
(a)  (b)  (c)  
   
(d)  (e)  (f)  
Figure 6.21 XRM images (×60) of CC after 4 weeks exposure to 7 % sulphuric acid, (a) BSE 
image and the distribution of, (b) Si, (c) S, (d) Ca, (e) Fe and (f) Ca/Si ratio elements in interface 
of acid and no-acid affected area of specimens. The brighter area in the maps indicates more of 
that element present 
 
Figure 6.22 Pseudo colour X-ray map of CC sample after four weeks of acid exposure. Image 
shows high amount of sulphur in acid affected layer, a high amount of calcium in intact area 
and no colour change for silica particles in the two different zones.  
Acid 
affected area 
Aggregate 
Aggregate 
Area 2 
 
Area 4 Area 3 
Aggregate 
Aggregate 
Acid affected 
Not acid affected 
Aggregate 
Area 1 
BSE Si S 
Ca Fe Ca/Si 
Aggregate Aggregate 
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(a)  (b)  (c)  
   
(d)  (e)  (f)  
Figure 6.23 XRM images (×60) of ARC after 8 weeks exposure to 7 % sulphuric acid, (a) BSE 
image and the distribution of, (b) Si, (c) S, (d) Ca, (e) Fe and (f) Ca/Si ratio elements in interface 
of acid and no-acid affected area of specimens. The brighter area in the maps indicates more of 
that element present 
 
Figure 6.24 Pseudo colour X-ray map of ARC sample after eight weeks of acid exposure. Image 
shows high amount of sulphur in acid affected layer, a high amount of calcium in intact area 
and no colour change for silica particles in the two different zones. In addition, high amount of 
fine silica is observed in ARC. 
Acid affected 
Intact area 
Acid affected 
Acid affected 
Intact area 
Intact area 
Area 1 
Area 3 
Area 2 
Acid affected 
Intact area 
Acid affected 
Intact area 
BSE Si S 
Ca Fe Ca/Si 
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(a)  (b) (c) 
   
(d)  (e)  (f)  
Figure 6.25 Higher magnification (×200) of XRM images of ARC after 8 weeks exposure to 7 % 
sulphuric acid, (a) BSE image, and the distribution of (b) Silica, (c) Sulphur, (d) Calcium, (e) 
Iron and (f) Ca/Si ratio elements in interface of acid and no-acid affected area of specimens. The 
brighter area in the maps indicates more of that element present 
 
Figure 6.26 Pseudo colour X-ray map of ARC sample after eight weeks of exposure to 7% 
sulphuric acid. Image reveals the penetration of sulphur in exposed layer of the ARC, higher 
amount of calcium in intact area and high amount of silica at the interface of acid and non-acid 
affected area that could show the formation of barrier silica gel in this area. 
Area 1 
Area 3 
Area 2 
Acid affected Acid affected 
Not acid affected 
Acid affected 
Intact area 
Acid affected 
Intact area 
Intact area 
Acid affected 
Intact area 
BSE Si S 
Ca Fe Ca/Si 
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(a) (b) (c) 
  
 
(d) (e)  
Figure 6.27 Higher magnification (×400) of XRM images of ARC sample after 8 weeks of 
exposure to 7 % sulphuric acid, (a) BSE image and the distribution of, (b) Si, (c) S, (d) Ca 
and (e) Fe ratio elements in interface of acid and no-acid affected area of specimens. The 
brighter area in the maps indicates more of that element present 
 
Figure 6.28 Pseudo colour X-ray map of ARC after eight weeks of exposure to 7% sulphuric 
acid. Image shows the penetration of sulphur in exposed layer of ARC, higher amount of 
calcium in intact area and high amount of silica at the interface of acid and non-acid affected 
area that could show the formation of barrier silica gel in this area. 
Acid affected 
Area 1 
Area 3 
Acid affected 
Acid affected 
Acid affected 
Intact area 
Intact area Intact area 
Intact area 
BSE Si S 
Ca Fe 
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(a) (b) (c) 
   
(d)   (e)  (f) 
Figure 6.29 Higher magnification (×400) of XRM images of CC after 4 weeks exposure to 7 % 
sulphuric acid, shows (a) BSE image and the distribution of, (b) Si, (c) S, (d) Fe and (e) and (f) 
pseudo colour X-ray maps of CC after 4 weeks in interface of acid and no-acid affected area of 
specimens. Shows the Fe rich layer in interface of acid and non-acid affected layer 
Figure 6.21 shows the distribution of elements at the interface of the CC sample after 
4 weeks of exposure to 7% sulphuric acid. Figure 6.21(a) shows the BSE image of 
the sample, and Figure 6.21 (b-f) show the distribution of silica, sulphur, calcium, 
iron and Ca/Si ratio. Silica X-ray image does not show any change in the acid 
affected layer of the CC compared to the intact area. The acid affected layer is rich 
with sulphur which is due to penetration of sulphuric acid into this layer. Calcium is 
lower in the affected layer compared to the intact area. This is also seen in Figure 
6.21(f) where the Ca/Si ratio image is presented. Regarding the iron X-ray image, 
there seems to be no iron present with this magnification, hence, higher 
magnification X-ray mapping was performed on this area.   
The pseudo colour image of the CC sample after 4 weeks of immersion in sulphuric 
acid is presented in Figure 6.22. In these pseudo images the calcium is shown in 
green, silica in red and sulphur in blue. According to the scale colour below the x-ray 
image where it is light blue both calcium and sulphur are present that are the main 
Aggregate 
Acid affected 
Acid affected 
Intact area 
Intact area 
Aggregate 
BSE Si S 
Fe 
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elements of gypsum. As shown in this figure, there are four main areas observed 
after exposure of the CC to acid. These areas are summarised as follows;  
 Area 1, which is a totally decomposed layer of the CC, breaks down and 
collapses due to acid attack. 
 Area 2 is the acid affected layer left on the sample which is rich in sulphur (dark 
blue).  
 Area 3, which is the interface of acid and non-acid affected zones, is rich in iron 
(which was found from higher magnification XRM images, Figure 6.29).  
 Area 4, which is the intact area, has no sulphur sourced from sulphuric acid (it is 
known that OPC has about 2% sulphur). The amounts of calcium (green colour) 
are much higher in this area compared to the affected layer.  
Figure 6.23 shows the elemental XRM images of ARC sample after 8 weeks of 
immersion in sulphuric acid. The elemental distributions are presented in the same 
order as the CC sample. Silica content does not show any changes in acid affected 
and non-acid affected layers (Figure 6.23b). The affected layer is rich in sulphur and 
has lower amounts of calcium compared to the intact area (Figure 6.23 c and d). The 
iron content was also observed to be higher at the interface but it was not very clearly 
revealed and hence, images with higher magnification were required. Figure 6.24 
shows the pseudo coloured image of ARC after acid exposure. Three main areas are 
observed in this image; 
 Area 1 which is the acid affected layer has not been decomposed. 
 Area 2 that has different colour combination seems to have higher silica. 
 Area 3, which is the intact area and mostly calcium (green is the dedicated colour 
to calcium in this pseudo image).  
The Ca/Si ratio map also shows lower ratio for the affected layer compared to the 
intact area. Figure 6.25 shows higher magnification elemental XRM images of the 
ARC after the acid exposure. More details can be seen regarding the interface of the 
acid and non-acid affected areas. The silica content is observed to be higher at the 
interface compared to other areas. This is shown by a bright line in Figure 6.25(b). 
Comparing the elemental distributions of sulphur and calcium at the interface also 
reveals a low amount of calcium and high level of silica component in this layer. 
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Once again, iron (Fe) was clearly shown to be higher at the interface. (Figure 
6.25(e)). From these images it is concluded that ARC has two separate layers at the 
interface, top layer rich in iron and the second one rich in silica.  
The high amount of iron is attributed to the dissolution of ferrite hydrates in cement 
paste and possibility from other sources in the concrete. There are various 
compositions and structures in the cement paste of concrete that each of which has 
different pH-stabilities and solubility. Calcium aluminates and ferrite hydrates 
decompose in lower pH values than calcium hydroxide (as discussed in Chapter 2). 
This causes loss of Fe +3 and Al 3+ (Beddoe & Dorner 2005). This phenomenon was 
observed for the iron in the XRM image analysis, however, more investigations are 
encouraged to be performed in this regard as it is believed that there are still many 
unknown reactions. 
Pseudo coloured image of this area (Figure 6.26) shows a clear difference between 
the three zones in the ARC sample after acid exposure. Green colour (Ca) in the 
intact area shows high amount of calcium in area 3, red colour (Si) in area 2 shows 
high amount of silica in this zone and area 1 with the combination of red and light 
blue is showing the presence of silica particles in addition to gypsum that contains 
mainly calcium and sulphur.  
To show the presence of high iron at the interface of ARC and CC samples higher 
magnification XRM and pseudo coloured images of elements including iron have 
been presented in Figure 6.27 to Figure 6.29.  
Figure 6.27(e) and Figure 6.29(d) clearly show the iron at the interface of samples.  
The presence of high amounts of Fe (blue colour) at the interface of the CC in the 
pseudo coloured image is clearly seen in Figure 6.28 (area 2). Figure 6.29(e) and (f) 
also demonstrate the pseudo coloured images of the interface of the CC after acid 
exposure. Distributions of iron, sulphur and silica are presented in Figure 6.27(e). 
Sulphur was included in this image to show the interface of acid and non-acid 
affected area. Figure 6.27(f) is clearly showing the high amounts of iron phases at the 
interface.  
This high amount of silica at the interface could be due to formation of a silica phase 
(geo-cement polymer binder composed mainly of poly (aluminium silicate) three 
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dimensional networks (as discussed in 6.3.2)) that acts as a barrier in ARC and 
prevents the aggressive agents entering the intact paste. 
6.4. Concluding Remarks 
The microstructure of the CC and ARC samples were examined before and after 
exposure to 7% sulphuric acid using SEM, EDS, XRM and XRD analysis, aiming to 
detect changes in microstructure, mechanism of attack and the acid reaction products 
in both materials. The following conclusions are reported from this study; 
1. In the CC sample, after immersion in acid, almost the entire acid affected layer has 
been dissolved in acid due to the reaction and decalcification of hydrated 
components of cementitious materials. However, sulphur attack and formation of 
observed expansive gypsum is also believed to accelerate the deterioration process 
by its expansive reaction mostly around the ITZ that exists around the aggregates, 
causing microcracks, loosening and separation of the aggregate from the paste and 
hence, allowing more sulphuric acid to enter the intact matrix. Although the main 
deteriorated layer of the CC sample is not available, degradation was mainly due to 
acid attack, formation of gypsum and the dissolution of hydration products. 
2. In the acid affected layers of the ARC sample, sulphuric acid has penetrated to a 
certain point and then formation of a silica phase/gel (poly (aluminium silicate)) 
prevented (or minimised) any further penetration. The ARC sample did not lose the 
acid affected layer after exposure to acid and even after the formation of gypsum in 
the affected paste, the matrix held together. This layer did not show any decrease in 
the Ca/Si ratio whereas, this ratio decreased in the CC sample from 0.52 to 0.39 that 
could be an indication of decalcification of C-S-H and hence, loss of strength in CC 
after immersion in acid. 
3. Better performance of ARC in mechanical properties tests after immersion in acid 
compared to CC is mainly attributed to the following characteristics of ARC; 
 Lower Portland cement and hence, lower Ca(OH)2 (portlandite) which is 
vulnerable to sulphuric acid attack and pozzolanic reactions of fly ash, GGBS 
and silica fume in formation of more C-S-H in the paste. 
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 Effect of silica fumes as an ultrafine mineral admixture in ARC (which is 
resistant to acid). Existing silica fume in ARC decreases the permeability of 
concrete mix and hence, more resistance to corrosive agents is provided. 
 Changes of mechanical properties after exposure to acid is mainly attributed to 
formation of microcracks, increase in porosity and decomposition of C-S-H in 
the acid affected layers of paste of the CC and ARC samples. However, existing 
fibres in the ARC play a bridging role for microcracks. This affects the flexural 
behaviour of ARC in a positive way by preventing the formation of cracks. 
Higher ductility and flexural toughness in ARC is also attributed to the 
placement and performance of fibres.  
 Presence of some activators and additives in the ARC composition accelerates 
formation of some type of geo cement binder as a poly (aluminium silicate), 
which is highly acid resistant (Adam 2016). 
Given the results of microstructural analysis, it is concluded that apart from the 
above-mentioned properties of ARC contributing to acid resistance properties, it is a 
hybrid concrete and although hydration products of Portland cement are attacked in 
the mix, other geopolymeric bounds keep the mix together.  
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 Conclusions and Future Work 
Concrete which is a widely used material in construction is vulnerable to sulphuric 
acid available in ground water, chemical wastes, swage systems, pyrite backfills and 
acid rain. This sulphuric acid degrades concrete and imposes high costs of repair and 
maintenance to exposed structures. To address this issue, numerous research works 
have been carried out to increase the chemical resistance of concrete. However, high 
cost, especial curing conditions, uncertainty of structural performance and so on have 
raised the need for further research in this area in order to develop reliable and 
sustainable acid resistant concretes for structural applications. This research is part of 
ongoing research works in the area of development and investigation of sustainable 
acid resistant concretes for structural applications in highly acidic environments. 
7.1. Concluding Remarks 
A new acid resistant concrete (ARC) was developed in the laboratory for the first 
time using an acid resistant mortar (ARM) material with current applications in 
lining and repair purposes. Structural performance of ARC as the main aim of this 
research was evaluated in laboratory through carrying out extensive experimental 
work in three main phases;  
The first phase consisted of performing extensive material properties experiments to 
evaluate mechanical properties of CC, ARM and ARC samples before and after 
continuous exposure to 7% sulphuric acid at different ages of exposure. Mechanical 
properties experiments of this research included compressive strength, modulus of 
elasticity (MOE), modulus of rupture (MOR) and indirect tensile strength tests. Apart 
from acid resistance investigations, drying shrinkage, high strain rate behaviour and 
performance of ARC and CC subjected to elevated temperatures were also 
investigated.  
Next phase of this research deals with structural experiments of the novel concrete 
(ARC) and CC. For this purpose 16 reinforced concrete ARC and CC (as reference) 
flexural members were tested before and after different periods of continuous 
immersion in  7 % acid solution under static and cyclic loads in four point bending 
tests to investigate the effect of acid attack on structural performance of such 
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members. Load versus deflection behaviour, curvature versus moment resistance at 
mid span, ultimate load capacity, ductility factor, stiffness degradation, dissipated 
energy and damping ratio were the main variables extracted from experimental 
results. Moreover, due to promising behaviour of this novel material according to its 
modulus of rupture experiments and also use of particular fibre in cement material, 
new applications of ARC in beam-column joint elements was investigated 
experimentally with potential for seismic applications. Furthermore, the structural 
elements (i.e., beams and joints) were modelled using an FE software to analyse the 
experimental results numerically.  
At the final phase of this research, microstructural characterisation including 
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), 
X-ray mapping (XRM) and X-ray diffraction (XRD) were performed on ARC and 
CC samples before and after acid exposure to find changes of microstructure after 
exposure of concretes to acid and detecting the deterioration mechanism. It was also 
aimed to study the effect of changes in microstructure on changes of mechanical 
properties after exposure to acid. 
From the above-mentioned experiments and investigations, the important findings of 
this research are presented as follows; 
 Compressive strength of the studied variations of ARC was in an acceptable 
range as a structural concrete (in accordance with Australian standard 
AS3600) despite having much lower Portland cement compared to the CC.  
 Drying shrinkage of ARC was in the acceptable range for structural concrete 
with the maximum of about 800 microstrain (according to Australian 
standard AS3600) while this value was out of the permissible range (higher) 
for ARM. 
 This concrete showed superior behaviour to the CC after eight weeks of 
immersion in acid in terms of loss of compressive strength whereas CC was 
degraded and could not be tested after this period of exposure to acid.  
 Tensile strength and flexural strength (MOR) of concrete were proven to be 
less sensitive to acid exposure compared to its compressive strength. 
However, for all three types of materials these properties increased slightly 
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after exposure to acid. This increasing trend in strength, that is predicted to 
decrease eventually, was studied through microstructural analysis.  
 The results of load-deflection from MOR tests showed acceptable flexural 
toughness and higher ductility for ARC compared to the CC. 
 Modulus of elasticity of ARM did not change after exposure to acid, 
whereas, ARC and CC had a slight decrease of MOE properties that was 
expected given the decrease of compressive strength of these materials. 
 From mass loss and Thymol blue (TB) tests it was concluded that ARC and 
ARM had no mass loss, whereas, CC lost considerable mass after exposure 
to acid due to degradation of its cement paste (initially portlandite). 
Moreover, mass loss of CC samples after immersion in acid is proportional 
to the Area/Volume ratio of specimens. Furthermore, TB indicator showed a 
less penetration depth for ARC compared to ARM and CC. It also showed 
penetration of acid in ARM and ARC is prevented after initial period of 
exposure to acid and hence, there was no difference between penetration 
depth of acid after 6 weeks and 8 weeks for these samples. 
 Investigation of dynamic mechanical properties of ARC and CC using Split 
Hopkinson Pressure Bar (SHPB) test showed higher peak strain for ARC 
compared to CC (0.05 versus 0.03). The failure mode of ARC was also 
different from CC. The failure of CC was more sudden and more 
deformation was observed for ARC compared to CC.  
 Evaluation of compressive strength of CC and ARC subjected to elevated 
temperatures led to explosion of CC samples at about 600 °C whereas, no 
explosion was observed for ARC. This behaviour of ARC can be attributed 
to the existing fibres in the matrix of ARC, melting at 400 °C and providing 
escaping channels from the inside to outside of specimens. Change of colour 
in CC and ARC specimens varied due to different reactions after exposure 
to heat. In terms of compressive strength loss under elevated temperatures, 
ARC lost 30%, 20%,  40% and 75 % of its initial strength after exposure to 
200 °C, 400 °C, 600 °C and 800 °C and CC lost 20%  and 10% of its initial 
strength after 200 °C and 400 °C respectively and exploded at about 600 °C. 
 In terms of structural performance as a RC flexural member, ARC behaved 
very similar to conventional concrete before exposure to acid solution in 
terms of ultimate load capacity,  
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 The reinforced conventional concrete (CC) could resist acidic environment 
for short-time exposure. If the reinforced concrete member is exposed to 
acidic environment for a long time such as, buried foundations in acidic 
soils, the concrete cover will vanish entirely followed by rapid corrosion of 
the steel reinforcing bars. As a result, the strength, durability and resistance 
of structural members will be reduced significantly which can lead to 
irreversible and inevitable damage to the structures.  
 According to static and cyclic test results, use of ARC can be a practical 
solution to address the problems associated with degradation of RC concrete 
members in acidic soils or other acidic environments.   
 Comparison of conventional concrete with ARC in beam-column joint 
elements indicated higher ultimate capacity for ARC. The amount of 
transvers reinforcing bars can also be reduces (by at least 50%) by utilising 
ARC while maintaining similar load carrying capacity to conventional 
concrete sample. However, for the application of ARC material in joint 
elements more studies are required before coming to firm conclusions with 
good potential in seismic applications. 
 The results of finite element analyses using ATENA software demonstrated 
that in both CC and ARC beams and also beam-column joints, accurate 
results can be obtained which are consistent with the experimental results. If 
suitable basic data and information are available from mechanical and 
geometrical properties of materials and elements, fair and accurate results 
can be predicted by means of FE analysis that can be used for further 
parametric studies. 
 Microstructural analysis of ARC and CC samples before and after exposure 
to acid showed degradation of CC samples after immersion in acid and that 
it has been mainly due to dissolution and decalcification of hydrated 
components of cementitious materials. Sulphur attack and formation of 
expansive gypsum is also believed to accelerate the deterioration process by 
its expansive reaction mostly in ITZ around the aggregates, causing 
microcracks, loosening and separation of the aggregate from the paste and 
hence, allowing more sulphuric acid to enter the intact matrix.  
 In ARC, acid and sulphur penetrated the sample to a certain point and then 
formation of silica gel prevented them to enter the intact matrix. ARC did 
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not lose any acid affected layer after exposure to acid and even after 
formation of gypsum in the acid affected paste, it could hold the whole 
matrix together.  
 The ratio of Ca/Si did not change in acid affected layers of ARC compared 
to intact area, whereas, this ratio decreased in CC from 0.52 to 0.39 that 
could be an indication of decalcification of C-S-H and hence, the reason for 
loss of strength in CC after immersion in acid. 
 The superior performance of ARC in terms of mechanical properties after 
immersion in acid compared to CC is mainly attributed to the following 
characteristics of ARC; 
Lower Portland cement and hence, lower Ca (OH)2 (portlandite) which is vulnerable 
to sulphuric acid attack. Refinement effect of silica fume in ARC that decreases the 
permeability of concrete mix and provides more resistance to corrosive agents. Most 
importantly presence of geopolymeric silica phases in ARC. 
 Changes of mechanical properties (observed in flexural and indirect tensile 
strength tests) after exposure to acid is mainly attributed to formation of 
microcracks and increase of porosity in the acid affected layers of paste of 
CC and ARC.  
 Existing fibres in ARC play a bridging role for microcracks. Higher 
ductility and flexural toughness in ARC are attributed to this performance of 
fibres.  
 Given the results of microstructural analysis, it is concluded that apart from 
the above-mentioned positive properties of ARC in provision of acid 
resistant characteristics, it is a hybrid concrete and although hydration 
products of Portland cement are attacked in the mix, other bonds keep the 
mix together like the bonds in geopolymer. 
7.2. Future Work 
A number of future research works, currently beyond the scope of this study are 
suggested below; 
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 Investigation of depth of penetration of acid in concretes with respect to 
time of exposure and propose a model to predict long term behaviour of 
structures in existing acidic fields. 
 Evaluation of this novel concrete (ARC) subjected to other corrosive 
environments such as nitric acid and chloride diffusion and investigation of 
microstructures through x-ray mapping. 
 Given the proof of reliability and validation of the used FE models by 
comparing the results with the experimental works of this research, there is 
a potential for more analytical modelling, particularly on beam-column 
joints by changing the reinforcement arrangement and reducing the 
transverse reinforcing bars in future studies. 
 Study the changes of microstructures of ARC and CC samples subjected to 
elevated temperature and investigation of mechanism of failure in both 
concretes. 
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